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Foreword 


OLUME 63 of the Transactions of The American Society of Mechanical 
Engineers contains the individual papers published during 1941 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1941 
Society Records and Index. The technical papers and reports that make 
up this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divi- 
sions and local sections and were published in monthly issues, eight being dis- 
tributed as the Transactions of The American Society of Mechanical Engi- 
neers and four as the Journal of Applied Mechanics. Indexes to other A.S.M.E. 
papers and publications will be found on page RI-89 at the end of this volume. 
In view of the fact that material of which this volume is composed was originally 
issued periodically as Transactions, Journal of Applied Mechanics, and Society 
Records, three sets of page numbers will be found. Numbers without letter 
symbols are those of the eight issues of the Transactions, those with letter 
symbol A preceding the number refer to the pages of the Journal of Applied 
Mechanics, which follow, and those with letter symbol RI to the Society Rec- 
ords section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers 
in permanent form. Copies of the bound Transactions will be found in de- 
positories located in selected engineering, university, and public libraries 
throughout the world. A complete list of these depositories will be found on 
pages RI-85 to RI-88 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1941, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees and memorial biographies. The Index 
provides a means of locating special A.S.M.E. publications and articles in 
Mechanical Engineering as well as those in the Transactions. 
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The Trend of Air Transportation 


By EDMUND T. ALLEN,' SEATTLE, WASH. 


The year 1925 marked the beginning of air transportation 
as an industry. Since then it has advanced through suc- 
cessive stages of growth and development until today as 
the author believes air transport is in the state of transi- 
tion between the pioneering period and that of mature 
growth. Airway mileage by scheduled air transports in 
the United States has increased from a total of 2,000,000 
miles flown in 1926 to 90,000,000 in 1939. Air passenger- 
miles in 1938 aggregated 600,000,000. In this paper the 
author reviews the technical developments in aircraft and 
improvements in airway operation which have made pos- 
sible this phenomenal growth. Every phase of this de- 
velopment which has played a part in the successful and 
safe operation of the airway systems of the present day is 
treated comprehensively in order that an understanding 
may be gained of the future possibilities of air transport 
and the lines along which it will advance. 


commercial success in the space of a very few years. So 

sudden has been its development that the public has 
hardly been able to keep pace with it, or to understand it, or to 
accept it fully, although certainly patronage of this mode of 
travel is steadily becoming more and more general. 

To the outsider, who catches only the high lights and does not 
see the effort and meticulous research that make possible the 
spectacular developments, the advance of aviation and of air 
transportation has been one series of sensations after another. 
No sooner has the news of one innovation cooled than another 
startling announcement supersedes it. In other words, it is an 
industry which, because there has been so much to be accom- 
plished, has been moving ahead not at a walk but at a forced run, 
just as fast as engineers could make it move and as fast as air 
traffic could pay for it. 

Air transportation as an industry started scarcely fourteen 
years ago, with a long, long way to go. Scarcely stopping to 
consider what the ultimate goal might be, those responsible for its 
being proceeded on their course with the idea of finding out more 
about that goal along the way. Literally, they looked to the sky 
as the limit. 

How far has air transportation progressed along its course? 
What are its present status and its future prospects? Most new 
industries, that are sound, first go through a period of growth and 
then arrive at a state of maturity. The first stage is one of rapid 
change and development, merging into the second, which is one of 
refinement and the perfection of detail. In which stage does air 
transportation find itself today? Or is it at the merging point 
between the two periods? 

The engineer likes to make graphs and study curves. When 
they begin to flatten out, he feels that some sort of limit or goal is 
being approached, be it temporary or permanent. He knows 


1 Director, Aerodynamics and Flight Research, Boeing Aircraft Co. 

Prepared for presentation at the Transatlantic-Airplane Session at 
the canceled Fall Meeting of THz AmERIcAN Society or MECHANI- 
CAL ENGINEERS which was to have been held jointly with The Insti- 
tution of Mechanical Engineers of Great Britain, New York, N. Y., 
September 4-8, 1939. Presented at a Meeting of the A.S.M.E., Los 
Angeles Section, July 11, 1940, Los Angeles, Calif. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


‘ IR TRANSPORTATION has arrived at its present state of 


that the effort must be greater for further accomplishment and 
gain. Is the curve of efficiency in airplane performance flattening 
out? How about the curve of airplane reliability? 

A study of the records of the last fifteen years and of the pres- 
ent trends of the industry gives some enlightenment on those 
questions. The author believes such a study will show that, 
parallel to the development of other forms of transportation, air 
transport has reached the transition between the pioneering 
period and the period of mature growth. It will also show that 
the optimum airplane is closer at hand; that, having reached a 
certain leveling out in performance and size of aircraft, the 
industry is concentrating now more definitely upon the finer 
problems of perfection in safety, comfort, and reliability. 


REVIEW OF REcENT ArIR-TRANSPORT DEVELOPMENTS 


One of the best ways to judge the future trends of any industry 
or to see the present direction of its development is to look back a 
short distance into the past of that industry. In such & review, 
it is necessary to go back far enough to get beyond the seasonal or 
short-swing tendencies. Fortunately, in the air-transportation 
industry, it is possible, in the space of a few years (1925 to 1940), 
to view the entire history of a major development, its early falter- 
ing steps, its seasonal ups and downs, even its decline in a major 
economic depression and its partial recovery toward a normal 
level. 
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Fig. 1 Passencer-Mites anp Ton-MiLes FLown on UNITED 
States Domestic LINES 


To look back over the record of the past through the eyes of the 
traffic man is most inspiring, especially when it is considered that 
the figures are merely an indication of what may be expected of 
the future. Air passenger-miles in the United States have risen 
from 120,000,000 in 1932, fairly steadily except for regular sea- 
sonal winter declines, to a total of 600,000,000 in 1938. There 
was a slight dip in the rising trend when in 1934 the number of 
passengers carried actually decreased as compared with the num- 
ber in the preceding year, but this was due primarily to the de- 
pression. Cargo transportation by air, principally in the form of 
air mail, has similarly increased in ton-miles flown. The rate of 
this increase has been approximately 50 per cent per year, Fig. 1. 

In some other transportation fields, it is true, the growth has 
been equally rapid. Rail transportation grew more rapidly than 
air transportation during its early boom, and bus transportation 
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has also had its period of tremendous expansion. But neither of 
these had to overcome such a serious reluctance on the part of the 
public to accept a mode of travel so new and different—one that 
took them out of their accustomed element and into the air. 
Both of these other modes of transportation had heavy indirect 
subsidies, such as land grants and highway construction. Air- 
craft transportation has had similar assistance of federal and 
municipal funds in airway and airport construction. Beacon- 
lighted routes have been built, forming a network over the entire 
country for night flying, and radio-range routes now permit the 
radio navigation of any aircraft with a radio receiver. 
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Fig. 3 NuMBER OF AIRPORTS IN UNITED STATES AND SCHEDULED 
Arr-Line LANDINGS PER Day aT TypicaL Air TERMINAL 


Airway mileage in the United States has grown from an annual 
total of 2,000,000 miles flown by scheduled air transports in 1926 
to 10,000,000 in 1928; 30,000,000 in 1930; 50,000,000 in 1933; 
and 90,000,000 in 1939. The year 1934 shows a characteristic 
depression dip in the curve. The curve for mean daily air-miles 
flown closely parallels that for the gross annual mileage, as shown 
in Fig. 2. 

The increase in the number of airports has been an important 
‘trend, perhaps not closely related to long-distance, scheduled, air 
transport, but an indication of the growing interest in and use of 
aircraft by private owners, which occurred principally between 
1926 and 1932. The 500 airports of 1926 had increased to 2100 
in 1932. It would be expected that eventually there would occur 
a leveling out in the increase of the number of airports. This 
has definitely occurred during the last four years. 

The number of landings per day of scheduled air-line transports 
at a typical air terminal may also be used as an index of the trend. 
A curve of landings, Fig. 3, based on studies made at the Chicago 
air terminal, rises sharply from ten in 1928 to 34 in 1931 and then 
drops with the depression, rising again in 1936 to a peak of 44. 
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The subsequent drop is definite evidence of the increase in size of 
the aircraft unit, which factor in itself would cause a decrease in 
the number of such units landing per day at an air terminal. 


TECHNICAL ADVANCE OF TRANSPORT AIRPLANES 


As in air traffic, so in the transport airplane itself, the progress 
of fourteen years has been tremendous. During the period from 
1925 to 1939, the transport plane has changed from a small 
single-engined biplane, carrying 2 passengers in addition to the 
pilot, weighing 1 ton gross, and costing less than $10,000, to a 
large monoplane with either 2 or 4 engines, carrying 30 to 70 
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passengers plus a crew of 4 to 11, weighing not 1 ton but from 20 
to 40 tons gross, and costing $250,000 to more than $500,000 each, 
Figs. 4,5, and 6. The increase in size has been very gradual and 
has been dependent at almost every step upon parallel technical 
development. Each forward step has been based on the success- 
ful performance of the preceding one. Each small advance re- 
quired a successful experimental and design venture in order to 
obtain the necessary continued influx of working capital to finance 
the expansion. 

Domestic air lines had a total investment of less than $2,000,000 
in transport airplanes in 1927. This grew to $12,000,000 in two 
years, sank for five years during the depression, but recovered 
quickly and rose to $23,000,000 in 1938. The unit cost of a 
typical transport airplane in 1927 was $23,000. The curve of 
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increasing unit cost, Fig. 5, shows a gradual increase up to 
$110,000 in 1936 and then a large and sudden increase as the 4- 
engine air transports were developed. Cost per pound of useful 
load shows the effect of the demand for luxury of travel. In 
1928-1929, $12 per lb represented the cost; in 1939 it is $22 per lb. 

The average transport airplane of 1924 had a cruising speed of 
100 mph, using from 200 to 300 hp and flying at a cruising altitude 
of less than 1000 ft. The 1940 airplane, equipped with a pressur- 
ized cabin, cruises at 200 mph, using cruising horsepowers of 1200 
to 2000 at altitudes ranging from 12,000 to 20,000 ft, Fig. 7. 
These changes have not been uniform or gradual, but have oc- 
curred in sudden spurts, as new engines, new techniques, and new 
design tendencies were developed. 

One of the most interesting trends in this connection is that of 
the enormously increasing cost of developing a new air-liner design. 
In 1927 this averaged $40,000, while today costs as great as 
$1,500,000 are not uncommon. It now requires not six months 
as it did in 1926, but two years to produce the first airplane of 
a new major type, Fig. 8. 

The trend of air-transport design toward larger size and higher 
power output has a very interesting parallel in the trend toward 
increasing wing loadings and decreasing power loadings. The 
average 1924 transport airplane had a power loading of 16 lb per 
hp and a wing loading of 11 lb per sqft. Wing loading, going up 
from a low value, and power loading, going down from a high 
value, crossed in 1935 at approximately 13 lbeach. By 1939 the 
average power loading of landplanes had gone down to 10 and the 
wing loading of landplanes up to 30. The combined loading has 
thus through the years shown a gradual increase from 27 in 1924 
to 35 in 1935, and to 40 in 1939. Wing loading is going up faster 
than power loading is coming down. This indicates the increas- 
ing efficiency of modern design. Seaplane wing loadings are 
definitely on the increase and will probably pass the 50 mark 
soon. 

It would be expected that landing speeds would show a very 
large increase parallel to the increased wing loadings, and this is 
true to a certain extent. Higher lift devices, however, have 
made it possible for designers to increase gradually the weight 
carried per square foot of wing area without greatly increasing 
the landing speed, Fig. 9. Wing loadings of long-range aircraft 
no longer are an indication of landing speed, because now such 
aircraft are not landed with the take-off wing loading. Provi- 
sional gross weight on take-off is reducible by dumping extra fuel 
in case a landing is required soon after take-off, before this fuel has 
been consumed in flight. Thus 70 mph is required for landing at 
standard gross weight, but take-offs may be made with greatly 
increased loads. Landing speeds of 55 mph were typical in 1924 
to 1927, while landing speeds of 70 mph have become fairly well 
standardized at the present. There is evidence however that 
they will soon be on the rise again with the advent of stable land- 
ing gears and smooth runways. 

Government regulations have for years limited wing loadings 
of seaplanes as well as landplanes to the point where 70-mph 
alighting was possible. The perfectly apparent safety, however, 
of much higher speeds on touching the water or land with aircraft 
of 40 tons gross weight, and the great increase in economy and 
range available by increasing the wing loadings, indicate that 
such an extreme limitation is no longer essential. 


DEVELOPMENT OF SAFETY FEATURES 


Improvement of the airplane, its equipment, and its operation 
from the standpoint of safety has been the most wholesome and 
most reassuring trend of all. Much has been accomplished al- 
ready, and much more is now being done. 

The addition of proved safety devices has been a very gradual 
process. Outstanding among these have been blind-flying in- 
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struments and equipment. The gyroscopic turn indicator was 
the first standard equipment to be developed, but technique in its 
use was not required by government regulations until twelve 
years after the instrument was adopted. Improved aperiodic 
compasses, directional gyroscopes, and radio communication were 
necessary before extensive blind flying could be safely carried out 
as a scheduled operation. The automatic pilot, which still fur- 
ther aids blind flight, is not permitted on tests for pilot perfection 
in the technique of blind flying, orientation, and navigation, all of 
which must be done with only the compass, bank-and-turn indi- 
cator, and radio range. 

Blind-landing systems, long considered by pilot and manage- 
ment alike as a hazard rather than a means of promoting safety, 
are now regarded almost uniformly as one of the last remaining 
steps to be taken in order to achieve safety from all that class of 
hazards deriving from unpredictable weather. Severe wing icing, 
excessive propeller icing, and extreme static of radio disturbances 
still remain primary problems which are now receiving the great- 
est attention of engineers and research staffs. 


40 


] 
| 
| 
| 
| 


| 


1930 i932 1934 1936 1938 1940 


PASSENGER MILES-MILLIONS 


Fig. 10 PassENGER-MILES FLOWN PER FaTALITY ON UNITED 
States Domestic AiR LINES; SEMIANNUAL TOTALS 


The governmental requirement for multiengined passenger air- 
planes placed a restriction upon the use of single-engine aircraft 
and focused the attention of designers upon the problems of flight 
characteristics after an engine failure. Early multiengined air- 
planes were incapable of continued flight with full load after an 
engine failure. On later designs, it was specified that there must 
be no point in the flight range at which the airplane will become 
dangerous should any engine fail. This called for new criteria 
for control and stability, new research in wind-tunnel and aero- 
dynamic theory. It has resulted in greatly increasing aircraft 
safety by virtually eliminating accidents caused by a failure of the 
power plant. It has of course increased the cost of aircraft and 
somewhat decreased the economy of operation because of the 
requirement for a greater excess of power available per passenger 
carried. 

In operating practices, the trend through the years of air- 
transportation development is both interesting and significant, 
particularly with respect to a noticeable change in pilot attitude 
and management policies. There has been a maturing soberness 
in the gradual elimination of piloting exhibitionism, and the de- 
velopment of sound safety policies in the conduct of transport air 
lines. The curbing of the desire to stunt airplanes was not very 
evident until 1931, when both management and piloting personnel 
became acutely aware of the economic necessity of eliminating 
the spectacular from the lures offered to the public to travel by air. 
The air lines which first made air passengers realize that there are 
no sensations to air travel, that there is never any excitement and 
that the pilots are not daredevils, were the first to build up 
passenger business. The multimotored airplanes of 1928 started 
off the acceleration toward conservatism, but as late as 1931, 
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loads of passengers were occasionally stunted in airplanes, In 
some South American countries, this evidence of the infancy of an 
industry still exists. 

This trend points to a maturing of both management and pilots. 
The older management policy of chance taking in combatting bad 
weather was typical of a passing stage of development. ‘The 
mail must go” slogan cost the lives of 4 out of 48 air-line pilots 
each year before passenger flying dictated a sounder policy. 
Without blind-flying instruments and without radio, the air- 
transportation industry was born and struggled through its early 
developmental stages. During those stages, the courage of the 
pioneers did much to build toward a scientifically sounder future 
but that future has no place for the early type of pioneer airmen. 
The air line which encouraged chance taking in 1929 has, if it 
survived at all, become the acme of safety in operation in 1939, 
Fig. 10. 


LIGHTENING THE PERSONNEL BURDEN 


To follow up this change in piloting attitude and policy, in the 
interest of further safety, some little scrutiny has been directed 
toward the question of the relationship of the human mechanism 
at the controls of the aircraft to the tasks it was being called upon 
to perform. Analyses of human reactions, under conditions of 
stress such as fear and fatigue, indicated that frequently a break- 
down occurred simply because the tasks were too many and 
difficult to perform under such a combined loading. Physio- 
logical and psychological tests indicated a vast differential be- 
tween pilots as to their performance under these conditions. 

New techniques of careful control of the engine and equipment 
operation, the great increase in the number of controls and in- 
struments, the introduction of radio and its resultant radio- 
navigation problems, all of these new additions to the already 
overloaded human mechanisms required a new envisagement of 
the personnel problem. Could the tasks be lightened? Could 
the general physiological and training level be very greatly raised? 
Could testing techniques be developed to determine accurately 
the rating of a pilot required to perform such varied and multi- 
tudinous tasks under difficult conditions? Work along these 
lines resulted during the years 1930 to 1939 in a gradual annual 
improvement in personnel and in a slight improvement in the 
stability and ease of control of the aircraft. Selection of person- 
nel changed.from the older notion of choosing only the man with 
many years’ experience to one of training the man along standards 
designed by the air line. Once the personnel is selected, train- 
ing continued not only in the sensorimotor coordinations, but 
also in theoretical study of aerodynamics and engineering. Health 
was cared for methodically and psychological analyses were peri- 
odically made to determine whether any factors of worry or 
of mental stress were being introduced to weaken the pilot’s 
preparation for his task. 

Copilots at the same time changed in status to one of almost 
equal importance with the pilot. In fact, as the tendency has 
been to train first pilots via the copilot route, leaving the old- 
timers who could not compete mentally with their younger 
brothers in the captain’s position, a situation arose in which the 
young copilot was frequently found to be more capable than the 
captain. It was a question of specialized training versus trial- 
and-error experience. 

Accident analyses frequently have led to the conclusion that, 
in an emergency when several things went wrong simultaneously, 
the plan of action broke down, especially where the captain tried 
to handle all decisions and frequently all controls alone. This 
possibility has led to the plan of drilling the crew as a unit for 
emergencies, and through such drilling to foresee any possible 
combination of emergencies for which a solution has not been 
worked out. When this is done thoroughly, emergencies cease 
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to exist; they are relegated to the routine for which there is a 
ready solution. 


DEVELOPMENT OF CRUISING CONTROL 


The most striking change in technique of air-line operation, 
from the standpoint of its economics and likewise from its effect 
on safety, has been the development of the theory and practice of 
cruising control. Prior to 1934 most aircraft operation was done 
at low altitude, and cruising-power output was approximated for 
sea-level conditions. The result was that very little was known 
by the pilot as to the optimum cruising operation of his engines. 
Most flying was done at absurdly low power with occasional high 
output operation at sea level where damage was done which 
caused engine failure or increased maintenance costs. The auto- 
matic power-and-mixture control on one air line and, on another, 
the development of cruising guidance charts rather suddenly 
changed all this, increased the scheduled cruising speeds of air 
transports some 20 mph, raised the cruising altitude, and, at the 
same time, virtually eliminated the dangerously damaging opera- 
tion which had been making engine maintenance costs so high. 
The advent of the controllable propeller made this operation pos- 
sible by permitting a change of pitch from the take-off condition, 
where high power output was necessary at low altitudes, to the 
cruising range, where low power output was necessary at moderate 
revolutions at high altitude. Optimum cruising from the engine- 
airplane viewpoint was at high altitude at exactly desired cruising 
brake mean effective pressure. The utilization of the conception 
of optimum cruising altitude and the whole technique of optimum 
flight path followed closely upon this development. Cruising 
control at exact mixture conditions then became a reality. 

These technological developments occasioned the rather sudden 
increases in cruising speeds of 1934 to 1936 and ushered in the 
conception of substratosphere cruising in pressurized cabins 
where passengers and crew alike can breathe comfortably and not 
become fatigued at high altitudes. 

Today exact control of all engine operation is now regarded as 
requisite on all air lines. Contact flying near the ground is now 
restricted to the end of the optimum flight path. Meteorological 
and radio improvements have assisted in making this most desira- 
ble technique possible. 


PRESENT REQUIREMENTS IN TRANSPORT AIRCRAFT 


The record of the past—of the increase in air-traffic volume, the 
radical improvement of the transport airplane, the progress in 
safety and in operating practices—is quite clear. What then are 
the present requirements of the transport plane, and what are the 
trends of present development? The question covers a great deal 
of territory—size and range, speed and general performance, 
comfort and safety provisions, reliability. An analysis of each of 
these is necessary to clarify the important question as to what the 
air-line operator—and the public—requires and expects of the 
modern transport plane, and how and to what extent these expec- 
tations are being realized. 

The special problems of the air-transport industry arise largely 
from the economical demands for services. These demands have 
frequently been dictated or guided by government regulations. 
They are largely affected by the popular appeal and are quite 
sensitive to the injurious effects upon the industry of aircraft 
fatalities. In general the primary demand is for through-service 
with relatively few stops. There is at present practically no 
demand for limited and local services, largely because the com- 
peting rail and highway services very nearly equal in speed and 
comfort whatever the air lines can offer, after getting passengers 
out to an airport and in from an airport at the two terminals of a 
short-distance trip. 

The designer’s problem in meeting the demand for these 


through-express services with large pay loads is to provide the 
range plus the pay load plus the passenger and express capacity 
required for the route to be covered. Since 1932 virtually all 
transport airplanes have had a fuel capacity far in excess of that 
which could be filled if a full pay load were also carried. Toa 
greater and greater extent, since then, airplanes have been de- 
signed to carry either of two possible useful loads; a large pay load 
for a short range with most of the fuel tanks empty, or a relatively 
small pay load for a long range. 

The practice on the air lines in loading at terminals has been to 
refuel only after the pay load was known and then only up toan 
amount which gave the maximum allowable gross weight, which 
ordinarily meant that the fuel tanks were from one half to two 
thirds full. This amount of fuel must of course equal the mini- 
mum required by considerations of safety for the trip contem- 
plated. The type of aircraft which could be used economically on 
either long trips or over long stretches of impossible landing 
weather, or else on short trips with a very heavy pay load, gave 
great flexibility to the operation. 

The demands of operators continue to require such flexibility in 
ever-increasing degrees. As an example it is desirable to have an 
aircraft capable of carrying 30 to 40 passengers from New York 
to Washington in 1 hr and then to be able to take off with 20 
passengers for Miami, with ample fuel for a 2000-mile flight in 
case of emergency. 

For overseas routes, the demand is now crystallizing around a 
large flying boat of from 30 to 100 passengers capable of nonstop 
flights of 3000 miles. Longer range than this proves to be un- 
necessarily costly because of the excessive fuel loads required and 
the resulting increase in power required and in cost of operation. 
The trend has definitely established the 20- to 40-ton-aircraft size 
for overseas service, whether of the seaplane or the landplane type. 
Because of the virtual elimination of forced landings in multi- 
engined aircraft, landplanes of multiengined varieties are being 
considered very seriously for overseas routes because of the 
greater economy of flight due to drag reduction. 

For overland services, there is appearing a stronger demand for 
a smaller landplane in addition to the type now being developed 
in the 30- to 50-passenger class. Cost of operation remains al- 
most constant for any given scheduled service whether the pas- 
senger seats are filled or not. Thus it becomes economically un- 
wise for the route on which density of traffic is light to equip with 
aircraft costing $1 to $2 per mile to operate, when such a route 
can be equipped with small aircraft costing 30 to 60 cents per 
mile. The cost of operation remains the same for full as for empty 
passenger planes. 

There is no consistent demand for cargo carriers. From time 
to time, air freighters have been developed and cargo services in- 
augurated but these have not lasted long. The laws of the land 
have been built upon the indirect subsidy and encouragement of 
combined passenger and mail and cargo transport to such an extent 
that a service for cargo only cannot survive against competition 
offering cargo plus passengers. This fact has led designers 
away from cargo-only types and toward a flexible unit capable of 
transporting economically a wide variety of loads but definitely 
having seats for enough passengers to pay for the service in case 
other forms of cargo fail to materialize. Most domestic air lines 
depend upon their air-mail contracts in addition to passenger- 
and-express revenue in order to break even. The effect upon 
design criteria of requiring such a variety of cargo capacity for a 
given fixed useful load indicates the probable increasing utility of 
large landplanes for both overseas and overland routes. 

The determination of the possible economical use of a new air- 
craft is a very complicated procedure. Other things being equal, 
the percentage of useful load to gross weight would be a determin- 
ing factor in estimating economy of operation. This percentage 
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of useful load to gross weight increased rapidly from the early 
stages of aircraft construction in 1910, until approximately the 
time of the birth of air transportation as an industry in 1925. At 
that time it had reached approximately 50 per cent; that is, half 
the. gross weight of the airplane was structure and power plant 
and the remaining half useful load. Since then, the demands for 
increasing comfort, increasing safety, increasing speed, and in- 
creasing general utility, have far outweighed the improvements in 
structural efficiency and also the improvements in aerodynamic 
efficiency. Luxury features have become so important that the 
percentage of useful load has now dropped to approximately 33 
per cent from the 50 per cent figure of 1925. 


Tue TREND IN SPEED 


Requirements for increasing speed in transport aircraft have 
been decreasing during the last few years. Cruising speed at a 
given cruising altitude is, of course, not the speed which can be 
scheduled for any operation. Point-to-point speeds or, as they 
are called in this country, “block-to-block”’ speeds, are the speeds 
which interest the operator. These are very much lower than 
cruising speeds because of the time required to maneuver for a 
take-off, climb to cruising altitude, descend from cruising altitude 
(a positive gain), maneuver for landing, and taxi after landing. 
Block-to-block speeds are less than cruising speeds by an amount 
depending primarily upon trip length; for very long flights they 
approach equality, but for short flights they may vary as much 
as 20 per cent. Thus a 200-mile flight between airports made in 
an aircraft capable of cruising at 12,000 feet altitude at 200 mph 
would require not 1 hr, but approximately 1'/2 hr (50 per cent 
more) because of the loss of time required for climbing up to the 
cruising altitude and the time used in take-off and landing. Ona 
600-mile flight the scheduled speed can come within approxi- 
mately 10 per cent of the cruising speed. 

Although any further increase in speed is beneficial, speeds have 
already reached the point where they require less emphasis; and 
more emphasis is currently being given to the matters of comfort, 
safety, and economy of operation. However, in forecasting the 
possible future demands for aircraft speeds, it is of interest to note 
that the primary consideration has now become the possibility of 
“saving a business day.’’ This is particularly important on 
routes having heavy traffic density where convenience, in the 
sense of frequent schedules, and availability to businessmen 
mean money saved. 

Ordinarily it would be thought that transcontinental routes 
across the United States would be the only ones where such a 
saving would be possible. An examination of the air schedules in 
many parts of the United States reveals, however, that this possi- 
bility of saving a business day can be realized on some relatively 
short trips as well as long ones. There are many north-to-south 
routes and many diagonal trips, involving connections between 
two air lines, which become of great importance in this matter of 
saving time. 

Now that air-line transportation has reached the 200-mph 
cruising stage, a very large increase in speed would be required in 

- order to expect a saving of a business day on any given trip. 
Strangely enough, the coast-to-coast route, westbound, against 
the prevailing wind, is now being made overnight; whereas the 
eastbound trip with the prevailing wind requires the better part 
of a business day in addition to the overnight time. This para- 
dox is explained by a 6-hr daylight differential between the east- 
west and the west-east trips in crossing three “time” zones. A 
typical west-east schedule leaves the west coast at 5:00 p.m. and 
arrives on the east coast at 12:00 m. To save a business day 
would in this case require arrival at 9:00 a.m., with 3 hr less flying 
time. To accomplish this would require an increase in block-to- 
block speed from 173 to 216 mph, or approximately a 25 per cent 
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increase, assuming that the same number of landings would be 
made en route. 

The most obvious way of increasing speed of air carriers is to 
increase their cruising power. This is also the most expensive 
way, since an increase of approximately 3 per cent in power is 
required for a 1 per cent increase in speed. 

This increase in power involves tremendous increases in fuel 
capacity, fuel weight, and, of course, fuel cost. It involves also 
large increases in the weight of the power plant and in structural 
weights required to carry these additional weights. 

A much more economical means for increasing cruising speed is 
an increase in cruising altitude, whereby drag is reduced because 
of the decreased density of the air. Ten years ago, however, 
transports had already reached altitudes as high as passenger 
comfort would allow. It has only been within the last year that 
designs have become available permitting higher cruising alti- 
tudes without passenger discomfort. The trend in this direction, 
for long routes, seems to point toward still higher cruising alti- 
tudes up to 20,000 ft or even a possible 25,000 ft for transconti- 
nental service. 
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Speed increase by means of parasitic-drag reduction has been 
the stand-by of all the airplane improvers for many years. This 
possibility has been much overworked especially for the layman. 
Drag reduction is very difficult indeed to achieve and is very 
costly in structural design. It is safe to say that there has been 
no easy road as yet found, despite recent press releases, for ap- 
preciable reductions in aircraft drag. 

It is of great interest to note that the curve of horsepower-hours 
per ton-mile of pay load at cruising speed has been gradually 
flattening out for United States transport aircraft during the last 
four years, and it seems very unlikely that there will be any ap- 
preciable decrease in the amount of work required to transport a 
given cargo by air at a given speed for the next ten years, Fig. 11. 

Much of the subject of airplane speed and performance and, for 
that matter, airplane reliability as well, is concerned with the 
power plant. What are the status and the trend in this important 
phase of the transport airplane? 


DEVELOPMENTS IN AIRCRAFT ENGINES 


American aircraft engines have only recently begun to utilize 
piston speeds near 3000 fpm for maximum-power operation. 
British practice has considerably exceeded American values in the 
past, although their engines have not been operated at brake 
mean effective pressures as high as is the practice here. The net 
effect of these differences has not been large when measured in 
terms of power output per unit of size. However, the higher 
pressures used in this country have required a very sturdy engine 
structure, which has been quite readily adapted to the increased 
rotative and piston speeds now being utilized. This change has 
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been accomplished with only moderate increases in the weights of 
engine components, and a small net reduction in weight per horse- 
power has fortunately been achieved. Some engines are now 
available which develop 1 hp for about 1.1 lb, including propeller- 
drive reduction gearing. It seems unlikely that this figure will be 
much improved for current basic types of engines without a pro- 
hibitive sacrifice in reliability. 

The widespread use of gasoline having a high-knock rating has 
been a primary factor in recent steps toward improvement of the 
aircraft engine. The first improvements, achieved by careful 
choice of the base crude oil, selective fractionation, and addition of 
tetraethyl lead as a knock suppressor, provided a foundation for 
major advances in the engine-power ratings. The gains thus 
initially achieved have stimulated the study of properties of a 
wide variety of synthetic fuels. This work has now resulted in 
the use of blends of natural gasoline having strictly controlled 
properties and synthetic hydrocarbons having a high order of re- 
sistance to detonation. This practice has removed some tech- 
nical barriers to still higher engine performance and there is ample 
indication that the limit of such improvements is still in the fu- 
ture. The mutual adaptation of engines and fuels has been ma- 
terially advanced in this country by cooperative research in 
which all interested agencies actively participate. 

Use of fuels of high-octane value has not only permitted large 
increases in maximum-power rating for take-off, but it has had an 
important and favorable effect upon engine durability and upon 
cruising-power output, largely by eliminating detonation hazards 
at normal cruising powers with the leanest practicable fuel-air 
mixtures. 

With the current trend to higher flying speeds in transport 
operation, there has been much concern for the drag of the large 
radial engines. Conventional values for cooling drag can be 
reduced drastically by air-flow controls which proportion the 
pressure head and the amount of air flowing over the cylinders to 
the existing need for cooling at any particular operating condition. 
The power used for cooling of cylinders may be held within limits 
heretofore thought practicable only for liquid-cooled engines. 
For extremely high speeds, however, the liquid-cooled engine ap- 
pears to have a definite advantage over its competitors, largely 
because of more favorable shape and proportions. Speeds used in 
air-transport operations scarcely can be expected to rise in the 
near future to values where the low-drag shapes, associated with 
liquid cooling, will bear sufficient premium to offset the operating 
advantages of direct air cooling. 

There appears to be a trend in aircraft engines toward the 
development of two principal variations of basic engine types. 
One of these variations provides a maximum of power output for 
high-performance aircraft at some sacrifice of reliability and fuel 
consumption. The other variation is constructed to provide a 
minimum fuel consumption for long-range operation with a 
slightly reduced maximum-power capacity. This trend is highly 
significant to air transportation because of effects on the eco- 
nomics of long-range operations. 

Since the utility of an air transport (particularly for long-range 
service) is primarily dependent upon its pay-load capacity, every 
other weight involved in the airplane structure can be evaluated 
in terms of dollars per pound. The gross weight chargeable to 
the whole propulsion system consists of the engine, the propeller, 
structural supports, cowling, accessories, plumbing, etc., plus fuel 
and oil required for the schedule. A study of pertinent data 
shows that fuel and oil weights are a predominant influence in this 
figure for nonstop flights of more than a few hundred miles. A 
typical air-transport engine will consume a quantity of fuel and 
oil about equivalent to its own weight in 4 or 5 hr of operation at 
the maximum power required for cruising. Thus for a 20-hr 
flight, weight savings on the fuel consumed are about four times as 


important in terms of pay load as are items of fixed weight, such 
as the basic engine. For the same reason, any items affecting 
the propeller efficiency at cruising power are extremely important. 

In the selection of engines for long-range transports, engine 
factors which are conducive to a maximum of safety and relia- 
bility are, of course, of primary importance. Ease of mainte- 
nance, accessibility in flight, and proper adaptation to service re- 
quirements are much more important factors than in the case of 
other aircraft types. A premium is placed upon experience ac- 
cumulated in previous operations of a similar type. It is essen- 
tial that the aircraft shall have serviceability characteristics 
which will eliminate need for extensive attention between 
scheduled flights. As aircraft become larger, this is a factor of 
increasing importance because of the larger investment and 
consequent overhead charges. 

These factors emphasize the necessity for a degree of reliability 
in the long-range-aircraft power plant which approaches that 
provided in marine practice. It seems probable that the future 
will show an increasing emphasis on durability and reduction in 
fuel and oil consumption at moderate power-output levels. It is 
fortunate that all concerned have come to realize that these 
qualities cannot be obtained without moderate sacrifices in the 
high performance qualities associated with other classes of air- 
craft service. 


PROVISIONS FOR COMFORT OF PASSENGERS 


The progress of air transportation depends in very large meas- 
ure upon passenger comfort and passenger satisfaction. Volume 
of traffic is very sensitive to improvements in these two factors. 
The air lines in the United States have been very responsive to 
these demands on the part of the traveling public and, in turn, 
they have demanded of the aircraft designer more space per pas- 
senger, less crowding, better seat and berth design, larger dressing 
rooms, better ventilation and temperature control, air-condition- 
ing, and, now, air-pressure control for high altitudes and to mini- 
mize the effect of rapid changes in altitude. In addition to these 
demands, improved food service aloft is now required, such that 
appetizing meals can be served attractively and expeditiously. 
Improved lighting for passengers’ accommodation in reading and 
writing has become such a serious problem that in some cases 
auxiliary power plants have been required to supply the current 
demands for luxury items as well as mechanical necessities. The 
weight of these luxury items has increased on the average from 10 
lb per passenger in 1930 to approximately 180 lb per passenger in 
1939. Floor area has increased from approximately 5 sq ft per 
passenger in 1932 to 20 sq ft per passenger in 1939, and cabin 
volume from 25 cu ft in 1931 to 120 cu ft in 1939. This increase 
in roominess is in itself a primary comfort feature, Fig. 12. 

Soundproofing has changed from a luxury item, only a few 
years ago, to a primary requirement today in crew and ‘passenger 
quarters alike. 

The increased effort to cater to passenger satisfaction has led 
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designers to develop many new devices and facilities. The desire 
to make the passenger wholly comfortable has also directed atten- 
tion to the smoothness of the flight path as a vitally important 
factor in the pilot’s technique, as well as in the designers’ reper- 
toire. Modern aircraft flies very much more smoothly than 
that of ten years ago, partially because of the greater altitudes for 
cruising, partially because of the increased stability of the air- 
planes, and partially because the pilots are endeavoring every 
moment to eliminate any flight irregularity which would cause 
passenger discomfort. The fact that a large number of transport 
schedules are now arranged for sleeping passengers has accelerated 
this development of smoothness of the flight and has tended to 
reduce the number of stops for fuel. 

Great care is now taken to change altitude slowly because some 
of the passengers may be distressed by rapid altitude changes. 
The trend in this direction points definitely for nonstop services 
for most of the sleepers. This tendency will require larger fuel 
loads, greater weights of luxury equipment, and definitely higher 
costs per passenger-mile. 


DEMAND FOR SAFETY 


There has definitely been a radical change in the attitude of air- 
transport lines toward the importance of safety during the last 
few years. It is now considered an intimate part of the specifica- 
tions for new aircraft. The fact that a single accident results in a 
great decrease in passenger revenue, far outweighing any gain in 
economy which could be obtained by omitting safety features, has 
resulted in the demand for safety on a scale never before realized. 
Governmental regulations and requirements have built up this 
interest in safety to such a degree that no possible source of 
trouble should be overlooked, and no structural or equipment 
features should be considered negligible, if they can decrease in 
the slightest measure the possibility of an accident. How far the 
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industry has gone in this direction can be visualized by a glance at 
the increasing weights of such safety equipment during the last 
few years. In 1931 the average seaplane in the United States 
had approximately 50 lb of safety equipment, whereas today the 
average seaplane has 850 lb of such equipment. In weight per 
passenger of safety equipment, the increase has been equally rapid 
for our seaplanes, rising from 10 lb per passenger in 1932 to 40 Ib 
per passenger in 1939. On landplanes the increase has been 300 
per cent in the last seven years, Figs. 13 and 14. 

In listing the requirements for an air-transport airplane in a 
highly competitive field, various factors have assumed, from time 
to time, the leading place. Safety, as such a feature, is sometimes 
assumed to be in the “of course” category. In other words, it has 
been assumed that the airplane must be safe. Grammarians may 
quibble over whether safety is a relative term; aircraft operators 
know it definitely as a feature which must be weighed carefully 
against other features. Conceivably, an airplane might be 
loaded with safety equipment until it could not get off the ground, 
or at least until it could not carry any pay load. Those who make 
a realistic and rational approach to the problem will recognize 
that there are certain hazards to flying operations, just as there 
are in any other form of transportation, and that we can only hope 
to decrease these hazards gradually during the advance in techno- 
logical development. 

Any such advance is made at the cost of economy; the four- 
engine airplane for instance is definitely less economical than the 
two-engine airplane but, if it is capable of continued flight after 
any two engines have failed, it is some 27 times more reliable than 
the two-engine airplane, based on actual probabilities of one 
engine failing. It is not safe, however, to consider a hazard as 
being reduced 50 per cent merely because the system involved is 
duplicated. There are certain types of failure of an engine, for 
instance, which will cause an accident regardless of the number of 
engines, unless the potentialities of safety involved in this dupli- 
cation are fully realized by making each unit duplicated merely an 
incidental factor for continued flight. 

There is a continual argument among engineers regarding such 
duplication of vulnerable parts versus improvements to reduce 
vulnerability. Both trends will probably continue side by side in 
aircraft development. 

One of the most persistent problems of aircraft design is the 
element of human error of the operator of the aircraft. As with 
vehicles of land and sea, this problem can be solved by simultane- 
ous attacks in two directions: (a) Improvement in the quality 
and condition of the operators to reduce to a minimum the mis- 
takes they will make; and (6) design of controls and the aircraft's 
response and stability in such a manner that mistakes, delays, or 
other errors will have a very minor effect upon the operation. 
Examples of this kind are to be seen in all modern aircraft design. 
Landing gears are now designed so that they absorb energy with- 
out bouncing the aircraft into the air again when an error in 
judging distance from the ground results in contacting the ground 
with a considerable vertical velocity or with an angular velocity 
such that the wing’s angle of attack is increasing. Ground- 
looping was a serious problem requiring skillful handling before 
the design improvements recently made resulted in elimination of 
this hazard. 

The most serious errors in flight technique frequently result 
from forgetting or omitting some essential adjustment prior to 
take-off. The complexity of large aircraft can be visualized after 
examination of the pilot’s “check-off’’ list where from 10 to 20 
i*ems are specifically to be checked, (1) prior to take-off, (2) prior 
to landing, or (3) before any change in operating regime. The 
failure to check off this list has resulted in accidents simply be- 
cause it is impossible for the human mechanism ‘of the pilot to 
retain at the focus of attention the number of items necessary. 
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Sooner or later, in repeated operations, especially when the pilot 
has been under strain for a long period, some essential item will be 
forgotten. Designers are now bending all their efforts toward 
(1) making such omissions of minor importance to the safety of the 
aircraft and (2) providing automatic devices to make the omis- 
sions impossible. 

Although large aircraft utilize a crew of from three to seven 
men, great effort has been expended in retaining complete control 
of the aircraft under one man. Such a one-man control is neces- 
sary only in emergencies where the time required to coordinate 
the efforts of the crew members may not be available. 


AUTOMATIC CONTROLS PROMOTE SAFETY 


The trend toward automatic devices continues to point to the 
errorproof control. One direction in which this type of design 
has developed is a light signaling system which permits one man 
to check all items requiring his attention by a momentary glance 
at a bank of red and green lights. Prior to take-off he presses the 
take-off button, whereupon any condition of the airplane, unsuit- 
able for take-off, at once causes a red light to flash on his warning 
board. Each regime of operation has its corresponding push- 
button, which automatically flashes the red or green stop-and-go 
lights, proper to that regime. Such automatic warnings of pilot 
errors have been in use for many years, but they have frequently 
failed to prevent the error, sometimes calling attention to omis- 
sions after it is too late. The more recent developments in this 
field are promising. 

In this country, there is an almost universal use of automatic 
pilots to relieve the pilot of the strain of attending to the actual 
mechanism of flight. Pilot fatigue has been studied under many 
conditions of flight, particularly those involving mental and emo- 
tional strain. Any relief from fatigue improves the pilot’s judg- 
ment. 

On aircraft where the power-plant control is in the hands of the 
pilot, a large part of his attention is required to maintain optimum 
conditions of power and mixture and revolutions for the flight 
regime in which he is operating. Automatic-mixture controls 
for carburetors are now considered a ‘‘must”’ on air lines. Auto- 
matic power control is rapidly coming under this category. Ice- 
free carburetion has virtually eliminated the need for control of 
carburetor-air temperature. Automatic control of propeller 
pitch or engine speed is now standard on all air lines. There is 
some indication that detonation indicators will soon be perfected 
in response to the demand for a positive indication of this damag- 
ing phenomenon on engines in which the cooling is so excellent 
that it is no longer a guide to detonation. Some operators feel 
that the trend toward automatic devices has gone too far, and the 
statement is frequently heard that an extra man is required in the 
crew to see that all the automatic devices work. Those of us, 
however, who have followed these same developments in rail 
transportation, will note a great similarity both in the trend 
toward automatic devices and the resistance to them. 

The problems of air-line operators as related to the character- 
istics of aircraft, during take-off and landing, have occasionally 
conflicted with the ideals of the government regulating bodies. 
In general, however, government regulation has definitely acted 
as a steadying influence to prevent the sporadic introduction of 
seemingly attractive aircraft having questionable safety. Since 
the government furnished the airports, in most cases, and also the 
airway aids to flying, it was of course quite logical to expect 
governmental regulation in establishing minimum take-off and 
landing performance. 

Take-off run in itself, or what is sometimes called unsticking 
distance, has been established for many years as 1000 ft. Obsta- 
cle clearing is now recognized as a far more important criterion of 
safety in take-off than the unsticking distance itself. Either of 


these criteria, when established as minimum requirements, virtu- 
ally determines the power-weight ratio of the aircraft design. It 
is very interesting to note in this connection that, although all 
transport aircraft must demonstrate their ability to unstick 
within the required 1000 ft, such a take-off is never used in air-line 
operations. The technique of operation on air lines requires that 
the airplane be held on the ground until it reaches a certain air- 
speed exceeding by a definite margin the minimum speed for 
take-off. In some cases this requirement is considered as a sort of 
safety factor to prevent inadvertent stalling after take-off. In 
the case of multiengine aircraft, it has another specific usefulness, 
namely, to make certain that, in case any engine fails during take- 
off, the airplane will be under good control. Until recently, the 
speed for minimum control with one engine inoperative, has been 
considerably in excess of the speed for minimum control under 
symmetrical conditions of power. The gap between stalling 
speed and minimum speed for control under the worst unsym- 
metrical power condition, was accepted as the hazard which must 
accompany the advantages of multiengine operation. However, 
recent improvements in aircraft design have resulted in a narrow- 
ing of this gap to the point where no aircraft in operation will ever 
run the risk of having an engine failure on take-off throw it out of 
control. 

The landing-speed requirement virtually establishes the wing- 
loading of modern aircraft used for passenger transportation. 
Maximum-lift coefficients of acceptable wing-flap arrangements 
are virtually all the same, for modern wing designs. A standard 
of 70 mph is now established in this country as the landing speed 
of aircraft above 20,000 lb gross weight. With wing-loading and 
power-loading thus determined by governmental regulation and 
also by the acceptance standards of the major air lines, transport 
aircraft are tending toward greater and greater identity of general 
design. \ 

Flight characteristics, after a failure of part of the power plant 
during take-off, are of vital concern for the safety of air-line opera- 
tion. The take-off has generally been considered a less dangerous 
or critical part of the flight, than the landing. It is now being 
recognized as a much more critical part. Even though an air- 
plane can be demonstrated to have control with the worst unsym- 
metrical power condition, at a speed close to a stall for this power 
condition, it has been found in practice that frequently the pilot 
has been unable to handle the emergency of an engine failure 
during take-off. Possibly the delay in the application of correc- 
tive measures resulted in allowing the airplane to begin a turn, 
and in this turn the airplane was uncontrollable by reason of a 
yaw in the “wrong” direction. At any rate, the critical condi- 
tions of flight in this «:.ergency made any failure of the pilot at 
any one of a number of important points too serious to overcome. 
The margins for safety at this point must thus be larger than at 
any other point during flight. 

Major improvements in stability are still being sought by air- 
craft builders. Longitudinal stability is at present required only 
to the extent of a damping of dynamic oscillations. Increased 
static stability is very desirable, both from a safety standpoint 
and also for comfort and freedom from pilot fatigue. Improve- 
ments in yaw-and-roll stability are proceeding in the direction of 
attaining the proper coordination between the slopes of the yaw- 
ing- and rolling-moment curves. The designer’s problem of ob- 
taining satisfactory yaw stability at small angles of yaw is still a 
major one. Spiral stability, although not ordinarily required, is a 
desirable flight characteristic. On large aircraft, it assumes an 
entirely different aspect than it ever had on small aircraft, where 
the pilot could only detect its presence or absence by a carefully 
conducted test, with controls free. On aircraft above 30,000 lb, 
controlled flight comes to resemble free flight more and more. 
On such an aircraft, in which spiral stability was determined to be 
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negative, it would be clearly evident to the pilot in making a turn, 
such as an approach to a landing, that the forces required to pre- 
vent the airplane from tightening up in the spiral were higher 
than they should be for both comfort and safety. 


AIRCRAFT MAINTENANCE PROBLEMS 


The air-line problems of maintenance have demanded and ob- 
tained such highly competent technicians during the last few 
years, that the entire subject of air-line engineering has achieved a 
new importance. One of the most interesting comments upon 
this development is the change in the relationship between pilot- 
ing personnel and maintenance personnel. At first the mainte- 
nance personnel was the key to the problem of reducing mechani- 
cal failures. Very soon, as this reduction in failures proceeded, 
it became evident that certain pilots were very hard on equip- 
ment and certain other pilots, who apparently had maintained 
just. as good schedules, never had any mechanical failures. 
Analysis of the operating technique disclosed what practices were 
causing most of the failures, and what types of operating pro- 
cedure resulted in trouble-free running. 

Maintenance personnel is interested primarily in insuring 
safety from mechanical failure, rather than in the repairs or de- 
terioration of equipment. The parallelism may be noted here 
between preventive versus corrective measures in this field and 
in medieine. The most successful maintenance man is the one 
who never has to maintain anything. Aircraft inspection prac- 
tices have now reached a very highly perfected state on most air 
lines. Airplane major and minor inspections and overhaul are 
now done primarily by checking an outlined form. Engine in- 
spection.and overhaul proceed along a similar routine path, each 
valve, each piston ring, each aileron, and each inner tube has its 
individual record of hours of operation and date for next replace- 
ment. 

The maintenance of safety devices has become a very important 
feature of the overhaul shop; a safety device is of course not a 
safety device if it is not maintained properly. All equipment 
such as radio, for example, receives its separate maintenance pro- 
cedure and replacement quite regardless of the fact that it may be 
functioning perfectly at the time of removal. Instruments are 
now checked in air-conditioned and well-equipped laboratories. 
Flaps and airplane controls all receive separate and special atten- 
tion, each with its individual trip check and routine time checks 
after a certain period found by experience to be best for each 
individual item. Deicer boots have been a very serious problem 
for maintenance engineers, until some means was devised to pre- 
vent their deterioration and static punctures. They still remain 
a rather costly item for maintenance in winter. 

There has been in the past a great deal of competition between 
air-line maintenance engineers; secrets found by one group were 
carefully guarded to prevent another group from equaling their 
record of maintenance perfection. Some years ago, however, the 
air lines realizing the enormous importance of bringing all services 
up to the standard of the best, joined their forces and pooled their 
information in a series of semiannual conferences, at which they 
discussed freely all problems relating to air-line-engineering prac- 
tices. These conferences resulted immediately in a marked re- 
duction in mechanical failures throughout the entire United 
States. All air lines benefited from them, even the best ones 

receiving a stimulation to greater effort by the contact with the 
poorer services. 


Tue OUTLOOK 


The trends of the present period show two distinct and quite 
opposite tendencies in the development of air transportation. 
One group of factors, such as size of airplanes, speed (at sea level) 
and economy of operation, shows a tendency to level out, as if a 
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kind of limit were being approached. In the case of flying speeds 
it must be noted, however, that further increases are being ob- 
tained by virtue of operation at higher altitudes with pressure- 
ized cabins. Aircraft size has reached its leveling-off stage be- 
cause of economic considerations. Technological development 
is at the stage where airplanes twice as large as any flying today 
could be built, but such airplanes could not meet the economic 
problem of making a profit in air-line use with any type of service 
demanded today. In regard to the other leveling-out tendencies, 
such as sea-level speed and economy, a great deal of effort bent on 
improvement along these lines yields relatively little further gain. 
It may well be that some new development will suddenly reverse 
the trend and shoot us all into high gear again along these lines, 
but the chances are that the next ten years will show no more in- 
crease in these factors of speed and economy than the last five 
years. In this category come also factors such as landing speed 
and work done at cruising speed per ton-mile of pay load, thus 
indicating a leveling out in airplane efficiency. 

The second group of factors shows the opposite tendency. 
These curves are not tending to level out but rather to increase in 
slope. The industry’s efforts, responsive to this divergence in 
tendencies have recently been directed from the less promising to 
the more promising trends. We are now accelerating the de- 
velopment of safety and reliability, of comfort and convenience of 
travel, with cost of airplanes on the upswing. Altitudes of flight 
are pointed upward, with pressurized cabins almost certain to 
dominate the field within the next few years. This means in it- 
self greater comfort for the passengers, greater safety above the 
weather, greater range to eliminate intermediate refueling stops, 
greater reliability of schedules, and greater flying speeds. 

Where the graphs do not in some cases bear out the conclusions, 
the reasons may lie in the fact that the points plotted were so 
scattered that, especially at the 1940 end of the curves, the trends 
were left up to the judgment of the plotter who could have varied 
the lines up or down a great deal with equal justification from the 
available data. The curves show averages, but averages do not 
always show trends. Another factor which may need elucidation 
at this point is the confusion which results from trying to average 
the 1938 airplanes of the twin-engined 20,000-lb variety, and the 
1940 airplanes just now entering the field with four engines and 
40,000 to 60,000 lb gross weight. These latter represent 1940 
more truly than the smaller airplanes, even though in 1940 there 
will still be many more of the smaller ones in use than the larger 
ones. The curves in many cases average between these two, 
whereas the true story might have been told more clearly with 
broken lines leveling off at the 1940 stage. 

The first trend toward leveling out occurs in those factors 
always present in the initial stages of an industry and incident to 
its greatest period of growth. That we are approaching limits 
here, even though temporary ones, indicates the coming of the age 
of air transportation. The second trend, because it occurs in such 
factors as safety and comfort items is also confirmation of the 
maturity, the end of spectacular pioneering, and the application of 
sound economics to the problems of broadening the foundation 
of the industry. 


Discussion 


E. F. Burton.? The writer has had ten months of fast-moving 
aviation development as an advantage in discussing Mr. Allen’s 
paper. Viewed at the time of preparation Mr. Allen gave con- 
siderable advance thinking; viewed today he is found partly right 
and partly wrong due both to domestic and international events 
of importance definitely influencing otherwise normal develop- 
ment. 


2 Chief designer and assistant chief engineer, Douglas Aircraft 
Co., Inc., Santa Monica, Calif. 
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It is difficult to agree with Mr. Allen on two major contentions: 
First, that his curves and conclusions drawn therefrom on gross 
weight plotted against time are indicative that 60,000-lb aircraft 
will supplant the lighter types, and second that ‘‘there is no con- 
sistent demand for cargo carriers.” Majority opinion is now con- 
fident that the larger-capacity aircraft will merely complement 
existing equipment for the more heavily used routes and that only 
a very large increase in passenger traffic will render obsolete the 
aircraft in the twenty-five to thirty-five thousand pound gross- 
weight class. This is not anticipated for many years. 

Mr. Allen has proved by his own statistics that safety and 
passenger comfort provisions have required the loss of many 
valuable pounds of pay load as well as increased costs. It fol- 
lows that these two vital fundamentals raise the cost of transport- 
ing goods to a point where such carriage require lower initial and 
operating investments and special handling of aircraft freight. 
The term “aircraft freight’’ is used necessarily since aircraft can 
never compete with railroad mass transportation. 

Aside from these two arguments Mr. Allen should be congratu- 
lated for his clear analysis of existing conditions, the develop- 
ments leading up to the present time, and the glimpse given us on 
things to come. 


J. P. Van Zanpt.* Referring to the curve of Fig. 11 which 
shows the cost per ton-mile at cruising speed for United States 
transport airplanes, will the author explain his method of com- 
puting the values? The average cost per capacity pay load ton- 
mile of the domestic air-mail carriers was about 50 cents for the 
fiscal year, ending June 30, 1935, whereas, the curve of Fig. 11 
indicates that the lower limit of 20 to 25 cents had been ap- 
proached by that year. 

Another question which arises is whether or not Fig. 12 refers 
to seaplanes only? The curves shown seem excessive for Doug- 
las planes or for the Boeing 307. 

Also referring to Fig. 12, does the author really mean that “‘the 
cabin-volume curve represents landplane practice?” His figure 
for cabin volume per passenger for 1939, on a steadily rising 
trend, is about 120 cu ft. The writer’s understanding, however, 
is that the cabin volume per passenger in the Boeing 307 is be- 
tween 50 and 55 cu ft and approximately the same in the DC-3. 
This fact appears to.be borne out in a recent paper by Bonnalie 


3 Technical Consultant, Civil Aeronautics Authority, Washington, 


of the United Air Lines.‘ The writer has always assumed that 
50 to 60 cu ft per passenger was ample cabin volume for land- 
planes rather than 125 cu ft, as the curve in question evidently 
predicts. 

The figure of 28 cents per pay load ton-mile capacity for the 
DC-3, based on a 1200-mile range, is of interest, but further in- 
formation on the method of computation used should be given. 
The operating cost of any type of plane depends to a large ex- 
tent upon how it is used. The number of miles flown per plane 
per year, for example, directly affects all the costs related in any 
way to the utilization factor. If in one instance the overhead 
and administrative costs are $50,000 a year and in another in- 
stance $250,000 a year, for the same number of total ton-miles 
flown, then the overhead costs per ton-mile in the latter instance 
are 5 times that of the former. But this relation would no longer 
hold if the number of miles flown per plane per year were dif- 
ferent in the two cases, 


AvTHOR’s CLOSURE 


Referring to the question concerning Fig. 11, of the paper; the 
author believes that the discrepancy between his figures of cost 
per capacity pay load ton-mile of the domestic air-mail carriers 
and the figures cited by Mr. Van Zandt may be due to the “‘range”’ 
for which the capacity pay load is computed. The author’s cal- 
culations were based on a minimum range and maximum pay load 
condition. It would be logical to find these figures doubled, if 
based upon a maximum range condition. A figure of 28 cents per 
pay-load ton-mile has been attained for the DC-3, based upon a 
1200-mile range. The author would appreciate further data on 
this matter if it is available from sources at command of the dis- 
cussers. 

Fig. 12 represents something of a compromise between sea- 
planes and landplanes. Admittedly the justification for present- 
ing the case in this manner is slight, because of the appreciable 
differences between the two classes of aircraft. Unquestionably, 
separate curves would have been more desirable. The cabin- 
volume curve represents landplane practice rather than seaplane 
practice. The floor-area curve at the 1939 point approaches sea- 
plane usage. If landplane practice concerning floor area had 
been consistently followed, the curve would have tapered off to a 
value 20 per cent lower than the one shown. 


‘Toward Economic Air-Line Equipment,” by A. F. Bonnalie, 
Trans. A.S.M.E., vol. 62, Jan., 1940, Fig. 2, p. 3. 
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An Improved Technique for Centrifugal- 
Pump-Efficiency Measurements 


By ROBERT W. ANGUS,' TORONTO, CANADA 


A duplicate water-supply system has been recently 
constructed by the City of Toronto, Canada and, in con- 
nection therewith, an extensive pumping station was 
built at Victoria Park. This station contains eleven 
centrifugal pumps, driven by induction and synchronous 
motors, the capacities of the pumps ranging from 6,000,000 
gal per day to 60,000,000 gal per day, and the heads ranging 
from 54 ft to 270 ft. All of the pumps are guaranteed for 
very high over-all efficiencies, some of them to over 86 
per cent, and the penalties for failure to meet the guaran- 
tees are very high. The tests on them, therefore, had to 
be made with unusual accuracy. The paper describes 
the methods adopted and the photographic recording of 
the observations, together with results of some of the 
tests. 


HE City of Toronto, situated on the north shore of Lake 

Ontario, has always drawn its water supply from the 

lake. Two intakes have long been in use for delivering 
water into wells on Toronto Island, from which it is pumped to 
the filtration plants. The filtered water then passes through a 
tunnel under Toronto Bay to the main pumping station in the 
city at the foot of John Street; from this point it is distributed to 
the various sections of the city. To facilitate this distribution, 
auxiliary pumping stations have been installed at strategic loca- 
tions, and reservoirs have also been built. 

A few years ago it was decided to supplement the supply by 
constructing a new intake some miles east of the original location, 
and to provide in connection therewith an independent pumping 
station and filtration plant, together with other necessary addi- 
tions, including a new reservoir on St. Clair Avenue. The new 
pumping station is located at Victoria Park on the Lake Shore, 
and contains the pumping machinery with which this paper deals. 

At the present time, this station contains eleven pumps, but 
space has been left for the addition of two more at a later date. 
Of the pumps now installed, three are intended to deliver wash 
water to the filters, four others are for the purpose of lifting the 
raw water as received from the intake onto the filtration plant, 
and the remaining four pumps deliver the filtered and treated 
water to the distribution system. However, the St. Clair Avenue 
reservoir floats on the main delivery line so that surplus water 
flows into it. The three wash-water pumps have capacities of 
6,000,000 gal, 9,000,000 gal, and 12,000,000 gal, per 24 hr, respec- 
tively, at a net pressure of 54 ft, while the four raw-water pumps 
are rated, respectively, at 24,000,000 gal, 30,000,000 gal, 48,000,- 
000 gal, and 60,000,000 gal per 24 hr at a net head of 82 ft. Of 
the four filtered-water pumps, two are for 6,000,000 gal each per 
24 hr at 196 ft net head, while each of the other two has a capacity 
of 30,000,000 gal per 24 hr at 270 ft net head. 

Each pump is direct-connected to a General Electric motor, 


1 Head of Department of Mechanical Engineering, University of 
Toronto. Fellow A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of THe 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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but the switching equipment was supplied by the Canadian West- 
inghouse Company. All motors operate on 25-cycle 3-phase 
2300-v current. Induction motors of 75 hp, 100 hp, and 140 hp, 
with a rated speed of 730 rpm have been installed on the three 
wash-water pumps. All other pumps are driven by synchronous 
motors, the 48,000,000-gal and the 60,000,000-gal raw-water 
pumps operating at 500 rpm, while the remaining raw-water pump 
and all four of the filtered-water pumps operate at 750 rpm. 
The motors on the raw-water pumps have rated outputs of 425 
hp, 525 hp, 825 hp, and 1025 hp, respectively, while the filtered- 
water pumps are driven by 250-hp and 1700-hp motors. Syn- 
chronous motors ure supplied by exciters running at 125 v di- 
rect current and are designed for 90 per cent power factor. 


ACCEPTANCE TESTS ON Pump INSTALLATION 


The principal data for the pumps are given in Table 1. The 
sizes of the suction and discharge pipes were taken as the average 
across the two diameters which terminated in the piezometer 
openings. The efficiencies are the over-all results as between 
horsepower of the electric input to the motor and the horse- 
power in the water delivered by the pump, the figures tabulated 
being those guaranteed by the builder in each case. All other 
values in Table 1 are from the specifications. 

The pumps and the piping connected with them were built 
and installed by the Dominion Engineering Works, Limited, 
Montreal, Canada. All are double-suction pumps without guide 
rings; the filtered-water pumps are in reality two single-stage 
pumps, in each case coupled in series by piping. Therefore, all 
of the pumps are of the same type and class. The specific speeds 
are calculated from the formula 


NVG 
» and 


NVQ 


N,= 


where N is the speed in revolutions per minute, H is the head per 
stage in feet, G the gallons per minute rated output, and Q is the 
equivalent cubic feet per second. 

The specifications for the pumps were carefully drawn up, giv- 
ing full details regarding the acceptance-test procedure, describ- 
ing the methods of measurement, and the points of attachment of 
the gages. In addition, it was stipulated that sums ranging 
downward from $4450 according to the pump were to be de- 
ducted for each 1 per cent that the over-all efficiency failed to 
attain that guaranteed; these large deductions made it necessary 
that the greatest accuracy should be maintained throughout 
every stage of the test. 

When the author was instructed by R. C. Harris, Com- 
missioner of Works, Toronto, to carry out the acceptance tests on 
the machinery, the various parts of the installation were in proc- 
ess of erection and readily accessible. All of the suction- and 
discharge-nozzle diameters were measured with micrometer cali- 
pers so that the proper areas for calculating velocity-head correc- 
tions might be known; also the upstream and throat diameters of 
the venturi meters were measured on two diameters, the up- 
stream sizes to hundredths of an inch and the throat diameters to 
thousandths of aninch. The measurements on the throat diame- 
ters made by the author did not differ in any case more than 3 
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TABLE 1 
Capacity 
in million Suction- Delivery- 
gal per pipe pipe Speed 
Service 24 hr diam, in. diam, in. rpm 
Wash-water 6 14.91 11.93 730 
pumps 9 16.67 13.92 730 
12 18.29 15.93 730 
Raw-water 24 24.51 19.92 750 
pumps 30 26.58 21.94 750 
48 33.34 27.76 500 
60 38.68 33.92 500 
Filtered-water 6 15.05 11.91 750 
pumps 30 (3¢ 97 { 19.95 750 
24.85 19.90 


* Pressure head, ft. 
Suction lift, ft. 
© Per stage. 


parts in 17,100 from those made by the builders and, in most 
cases, the difference was within 0.001 in. This represents a high 
degree of accuracy when it is stated that the throat diameters 
varied from 9.53 in. to 27.2 in. 

All those participating in the tests cooperated very earnestly in 
trying to secure precise results. To this end the contractor sup- 
plied mercury columns so that the pressures could be read directly 
in feet of mercury. In all but the raw-water pumps, there was 
sufficient suction pressure to allow the connection of the suction 
side of the pump to the top of the mercury column, while the 
delivery side was connected to the bottom of it. Thus, the 
mercury column read directly the net pressure head produced 
by the pump, automatically allowing for difference of elevation 
of the connections. For the raw-water pumps, only the discharge 
pressure could be taken on this column, the suction lift being read 
directly in feet of water. Great care was observed in clearing all 
piping of air and dirt and in adjusting the zeros of the measuring 
tapes; correction was made for the temperature of the mercury 
column and for the depression of the mercury in the pot corre- 
sponding to each pressure. 

Four piezometer connections were provided for each pressure- 
measuring section, the openings being located in a plane surface 
normal to the axis of the nozzle and spaced 90 deg apart. Each 
connection consisted of a brass plug screwed into the nozzle wall 
having a '/,in. hole bored through it, the inner edge of the hole 
being rounded to a radius of */,sin. The plug was set so that its 
inner surface was flush with the inner surface of the nozzle wall 
and so that the axis of the hole was normal to the inner surface 
at the point of connection. The hole continued for over 2 diam 
without change of shape or direction. The inner surface of the 
pipe wall was scraped smooth and clean over an area approxi- 
mately 6 X 12 in. immediately upstream from each piezometer 
opening, the 12-in. dimension being parallel to the axis of the pipe. 
Each opening was connected to a ring of brass piping and pro- 
vided with a '/-in. threaded connection on the ring midway be- 
tween two of the piezometer plugs for use as a pressure-gage con- 
nection. 

For the venturi meters it was decided to read the differential 
directly in feet of water, the maximum being about 100 in. 
The contractor furnished an inverted U tube for this purpose, the 
two water columns being brought to a convenient position by the 
use of compressed air. All piping to both this gage and to the 
pressure column was drawn copper tubing through which water 
was allowed to flow freely until all the air was driven out. 

The gages were simple in construction, convenient for use, and 
not difficult to move to the different pumps. The contractor de- 
signed and built them all. 

In computing the discharge, it was agreed by both parties 
to the contract that the venturi-meter coefficients recommended 
in the A.S.M.E. Fluid Meters Report should be used because, 
in all cases but one, the piping leading to the meter had a suffi- 
cient length of straight pipe. In one case, however, there was 
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PRINCIPAL CHARACTERISTICS OF PUMPS IN TORONTO PUMPING STATION 


-——Specific s 
Based 


_— Pressures Stages Guar. 

Suction, Discharge, Net, in over-all eff, on gal on 

ft ft ft pump per cent per min efs 

36¢ 90 54 1 77.9 2365 112 

36¢ 90 54 1 79.2 2900 137 

36¢ 90 54 1 80.5 3350 158 

9b 73 82 1 84.5 3545 167 

gb 73 2 1 85.1 3970 187 

gb 73 82 1 86.0 3340 158 

gb 73 82 1 86.3 3740 176 
36¢ 232 196 2 81.4 1556¢ 73¢ 
36° 306 270 2 86.0 2735¢ 128¢ 


definite evidence that the recommended coefficient was too high, 
and a calibration of the meter by a volumetric measurement 
proved this to be the case. This matter will be discussed later. 

Electric-input measurements were made by Weston instruments 
throughout, there being two current transformers, two potential 
transformers, two ammeters, one voltmeter, and a polyphase 
wattmeter. In order to check the instruments, they were set up 
in a standardizing laboratory in exactly the same way as they 
were to be used in the tests. In the laboratory, standard in- 
struments were used to measure the line input corresponding to 
each indication of the various instruments. In this way all cor- 
rections for all instruments were included and the true value 
corresponding to each wattmeter indication was known. The 
ammeters and voltmeter were primarily used to check the power 
factor, which was kept as near 100 per cent as possible on all 
synchronous machines. The indications of the several meters 
required an exceedingly small correction. 

Since the frequency of the system from which the electric power 
was drawn is maintained with great exactness at 25 cycles, it was 
not thought necessary to check the speeds of the synchronous 
motors, these being assumed as 500 rpm and 750 rpm. For the 
induction motors, the slip was calculated by means of a neon lamp 
and the speed of the motors was then taken as 750 rpm less the 
slip. 

Recording of the observations presented a somewhat serious 
problem. In the first place, it was necessary to do all the testing 
between 11:00 p.m. and 6:00 a.m. and, for various reasons, it was 
not possible to adopt any regularity in the nights on which the 
tests were made, which made it difficult to arrange satisfactorily 
for observers. Again, it was necessary to carry out the work with 
the greatest precision possible and all personal errors had to be 
reduced to a minimum. In view of the well-known fact that in 
all commercial testing there is a continuous swinging of the 
electric-instrument needles, and also of the pressure gages and 
venturi differentials, it will be evident that observers might make 
considerable error in their readings. While the circumstances of 
night work, with little interference with the power lines of the 
electric system and with synchronous motors at fixed speed, 
tended to reduce these fluctuations to a minimum, yet they were 
always present and difficult to evaluate properly. 


PHOTOGRAPHIC RECORDING OF INSTRUMENT READINGS 


After a full consideration of all the circumstances, the author 
decided to take simultaneous photographs of the readings of all 
instruments during each test, the first result of which was to re- 
place all the observers by a single photographer. Three cameras 
were used, a Rolleicoid with Zeiss f/3.5 lens for 2'/,-in-square 
pictures with roll film on the electrical instruments, a camera with 
a film pack on the pressure measurements, and a camera with 
Zeiss Tessar f/4.5 lens for 9 X 12-cm plates on the venturi- 
meter differentials. To avoid parallax, the first camera was set 
directly over the wattmeter and one ammeter, Fig. 1, but in the 
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other ammeter and in the voltmeter there was a slight parallax 
error Which could be corrected for, within the desired accuracy, by 
reading the position of the shadow of the needle as well as of the 
needle itself. 

The position of the film-pack camera was adjusted so as to be 
approximately level with the top of the mercury column, and 
therefore parallax effect was insignificant. Furthermore, the 
measuring tape photographed with the mercury column was be- 
side the latter and set out so that its face was opposite the center of 
the column, which naturally eliminated all errors. The greatest 
difficulty, although it gave little concern, occurred in photo- 
graphing the differentials on the venturi meters as, in some tests, 
the differential was about 100 in., while in others only about 6 
in. To complicate the situation further, the columns oscillated 
greatly, although the differential was fairly constant during a 
test; finally, water is not an easy fluid to photograph. The 
latter difficulty, however, was eliminated entirely by placing a 
white paper, with heavy black rules, at 45 deg to the vertical, just 
behind each column; the change in slope of the lines produced by 
the glass making it easy to locate the top of the water column. 
In photographing these columns, wooden scales graduated in 
divisions of '/s in. were placed beside the columns so that the plane 
of the scales passed !/s in. behind the center of the glass tubes. 
However, for the large differentials, a correction had to be made 
which will be discussed later. 

With this camera, the operator ingeniously photographed two 
readings side by side on the same plate by covering up one half 
of the plate while exposing the other, a process which saved plates 
but rather increased the time required and at times was somewhat 
trying on the nerves. All exposures were made at 1/100 sec 
with incandescent lamps; the night work proving to be a help in 


Fie. 1 Setup or Evecrricat INSTRUMENTS WITH CAMERA 


that connection, since the illumination of the room was always 
the same, and the lighting of the apparatus was, therefore, easily 
kept uniform. 

In making the exposures, an operator was placed at each cam- 
era, men being selected who could respond quickly to a signal. 
The shutter on each camera was set open, and each operator stood 
with his finger on the cable release; while a fourth man signaled 
the time. In each case two signals were given, the first 10 sec 
before the exposure, to get ready, and the second one to make 
the exposure. While the three cameras could have been operated 
simultaneously by relays, the method used produced such good 
results that it was never possible to detect more than one click 
when the exposures were made, and it would appear that all three 
exposures were made within '/i9 sec of one another. 

As the scales photographed with the columns were parallel 
to, but some distance away from them, some care was necessary 
in reading the records. Each photograph was set up under a 
microscope of suitable magnification, the degree being carefully 
chosen, since too high or too low a magnification made it impos- 
sible to read the water columns. The microscope was equipped 
with a movable table which could be adjusted in two directions 
at right angles to each other. With the glass column in the 
microscope set parallel to one direction of motion and with a 
cross hair in the microscope normal to this direction, the picture 
was moved till the cross hair was at the top of the column; the 
entire table was then traversed at right angles to the axis of the 
columns until the reading could be taken on the scale. Fortu- 
nately, a suitable microscope was available during these experi- 
ments, although for electrical instruments an ordinary microscope 
of rather higher power was used. 

Readings of the photographs were taken by both the author 
and by H. Ulmann, pump designer, acting for the contractor, and 
any difference was at once adjusted, although in almost every case 
the two readings agreed. 

Samples of the photographs are shown in Figs. 2, 3, and 4, 
Fig. 2 being from the mercury column, Fig. 3 from the venturi- 
meter tubes, and Fig. 4 from theelectric meters. Unfortunately, 
they do not reproduce very clearly although the films were easy 
to read. 


AccURACY OF THE RESULTS 


As far as observations go, the accuracy is beyond question, 
parallax having been avoided with the wattmeter and also in the 
mercury pressure column by adjusting the height of the camera in 
each test until it was almost exactly level with the surface of the 
mercury, and also by adjusting the plane of the measuring tape 
to suit the column. For the venturi-meter differential, some cor- 
rection should be made, even though the plane in which the 
scales lay was nearly the same as that of the center of the tubes, 
because there was a bending of the light rays due to refraction, as 
illustrated in Fig. 5. This illustration shows a side elevation of 
the setup, and also an enlarged view of the tube and scale for the 
worst case during the runs. 

In the enlarged diagram Fig. 5, the effect of refraction is shown, 
the refractive index for air being taken as N, = 1; for pyrex as 
Nz = 1.48, a value determined experimentally for the tubes; 
and for water as N; = 1.33. The greatest value of 6, was 13° 40’ 
and, using the relation N, sin @, = N;sin@, = N;sin 6; the path of 
the ray has been drawn as indicated; the angle @, is found to be 
9° 25’, while = 10° 13’. The surface of the liquid was assumed 
to be spherical for this study and, by constructing the diagram on 
a large scale, the corrections ¢; and ¢c, for the upper and lower 
columns in this extreme case were found to be c¢; = 0.024 in. and 
¢; = 0.026 in. or, in other words, the apparent differential was 
0.05 in. greater than the real quantity. This was corrected for 
in the large readings, although it only amounted to 0.05 per cent, 
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(The tape is faintly shown at the left of the data card in each case.) 
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Fic. 4 Exvecrricat INStruMENTS IN TESTS 


(The card states that the test was on filtered-water pump No. 4; capacity (25,000,060 imp gal) 30,000,000 gal per 24 hr; photograph taken on night 
of Aug. 2, and designated as test 4D. There is no blurring of the needles on the original film.) 
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Fic. 5 CorrecTrion ror REFRACTION 


TABLE 2 EXTRACTS FROM TWO TYPICAL LOG SHEETS 


Suction Differential 
Refer- Pressure, ift, on 
ence Wattmeter in. in. venturi meter, 
no. reading mercury water in. water 
Raw-water pump? 
0.738 63.5 26.0 102.4 
1 0.737 63.6 26.0 102.5 
0.730 63.9 26.0 102.8 
0.735 63.3 26.5 104.6 
0.732 67.5 28.5 91.8 
> 0.740 67.6 27.5 93.2 
2 0.738 68.0 26.0 90.7 
0.730 67.1 25.5 92.2 
0.718 74.5 16.5 69.3 
3 0.710 75.1 15.8 68.4 
: 0.710 75.0 15.5 67.5 
0.710 75.0 15.0 67.8 
High-pressure pump? 
0.743 252.1 69.25 
0.738 250.2 68.75 
4 0.748 252.0 68.72 
0.740 253.3 68.20 
0.738 251.1 68 .50 
0.740 251.7 69.25 
0.720 263 .2 58.35 
0.722 263.2 57. 
0.720 263.3 58.70 
0.720 262.0 57. 
0.725 263.5 58.73 
0.720 263.3 58.55 
0.652 283.8 « 36.65 
6 0.655 283.5 37.05 
0.652 283.8 36.90 
0.654 283.7 37.30 


@ Suction read separately. 
+ Net pressure directly taken. 
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Fic. 6 Erriciency CURVES FOR WASH-WATER Pump 
(Capacity 12,000,000 gal per 24 hr at 54-ft head and 730 rpm.) 
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Fie. 7 Erricrency Curves For Raw-WaTER Pump 
(Capacity 24,000,000 gal per 24 hr at 82-ft head and 750 rpm.) 


while its effect on the calculated discharge is only 0.025 per cent. 
Of much greater importance is the weight of the air column 
balancing the differential; this was corrected for throughout. 

The conditions under which these tests were made were as 
nearly perfect as one could possibly expect in commercial work, 
because the speeds were constant and the levels of the suction 
and discharge wells were uniform during tests, although there may 
have been some vibration in the valve disks, where these were used 
to regulate the discharge. The variations in the several quanti- 
ties observed may be estimated from the brief extracts from 
typical record sheets, three entries for each test being given, 
Table 2. 

Variations occurred in all quantities, irrespective of the time 
allowed for the pumps to attain uniform conditions. Where the 
discharge valve was wide open, as during best efficiency for the 
pumps, corresponding to Nos. 1 and 4, Table 2, the variations in 
the watts, pressure, and meter readings, were very small indeed, 
but with considerable throttling, as in Nos. 3 and 6, the variations 
were greater and the accuracy of the tests was less. In some of 
the tests, records were made over a fairly long time with results 
of the same nature. These facts are mentioned to show that 
variations of this kind do exist and are not due, as is often as- 
sumed, to the personal errors of the observers. Of course, the 
percentage variation in the computed discharge is only one half 
that in the observed differential. 

The results of the tests may be of interest in view of the very 
high efficiencies obtained in the units; the curves for a typical 
unit of each group are given in Figs. 6, 7, 8, and 9. The guaran- 
tees made cover the over-all efficiencies and only these were 
measured in the tests. The motor efficiencies were measured at 
the builders’ shops. When these results are applied to the over- 


Prototy pe 
Capacity, 
taillion Pump 
gal H N efficiency 
24 cfs ft rpm E 
12 18.54 54 730 0.902 
24 37.08 82 750 0.915 


500 0 
750 0.918 


TABLE 3 PUMP AND MODEL DATA 
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MILLIONS U.S. GALLONS PER 24 HOURS 


Fig. 9 Erriciency CuRVES FOR FILTERED-WATER Pump 
(Capacity 30,000,000 gal per 24 hr at 270-ft head, two stages, and 750 rpm. 


all efficiencies determined by the pump tests, the pump efficien- 
cies are obtained and these are also shown in the illustrations. 


Mopet Tests 

Models were made of the various pumps by the Dominion 
Engineering Works, Montreal and, through the courtesy of that 
company, the author has been permitted to give some of the re 
sults of the tests on the models made by the contractors at their 
shops. These results are for models of the pumps, corresponding 
to the efficiency curves of Figs. 6, 7, 8, and 9, i.e., for the 12,000,- 
000-gal wash-water pump, the 24,000,000- and 48,000,000-gal 
raw-water pumps, and the 30,000,000-gal filtered-water pump. 
The models were, of course, made with the same specific speeds as 
their respective prototypes and in Table 3, data on the prototype 
and model are given, together with the efficiency obtained in each 
case; the specific speeds are based on discharges in cubic feet per 
second. 

The laws governing the construction of centrifugal-pump mod- 
els will be briefly reviewed. The specific speed of the model and 
prototype must, of course, be the same, and attention must be 
given to the smoothness of finish of the model. The variables in 
the relationship between the model and the prototype may be 
made by the method of dimensionless numbers. 

Let Q, D, N, H be the discharge, impeller diameter, speed, and 
head for the prototype, while p, u, g are the density, viscosity, and 
gravity attraction on the water pumped by it; further, let q, d, 
n, hy Pm) Tepresent the corresponding quantities for the 
model. Then evidently it is possible to write 


Q ¢(D, N, H, Py My 9) 


which, according to the theory of dimensionless numbers, may be 


written . 
Q = o(D* X N° X H* X XW XG") 


M del 
Specific Pump 
speed, h n efficiency 

Ns ft rpm 
158 9.4 67.0 1200 0.900 
167 11.1 92.8 1500 0.896 
158 9.8 68.5 1200 0.896 
128 10.2 91.8 1200 0.907 


, 
i 
ie 
| 
me 
= 
30 46.35 136 stage 
stage 
pe 
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TABLE 4 EFFICIENCY RELATION BETWEEN MODEL AND PROTOTYPE 
Pump 


capac- Efficiency 
Caleu- Caleu- 
million lated Measured lated Measured 
gal per —Speeds, rpm— —-~Head, ft—~ D H on model for pump on 
24hr Pump Model Pump Model d h e E pump 
12 730 1200 54 67.0 1.48 0.81 0.900 0.908 0.902 
24 750 1500 82 92.8 1.88 0.88 0.896 0.910 0.915 
48 500 1200 82 68.5 2.63 1.20 0.896 0.920 0.930 


30 750 1200 135 91.8 1.94 1.47 0.907 0.924 0.918 
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Substituting dimensions and using M, L, 7 for mass, length, and 
time 


= 


Collecting coefficients 


be measured to about 0.06 in., there should be no error in that 
measurement; the differentials on the meter were photographed 
at 5-min intervals during the entire run. The results were as 
follows: 


3=atc—dsete+k Hencea = 3—c + 2e—k Coefficient obtained on this test and used........ 0.9545 

1 =b—e+ 2 b=1+¢e—2k Coefficient recommended by Fluid Meters Com- 

Therefore ACKNOWLEDGMENT 


Q = Nite-% x H* X g*) 


or 
ND ) 


where v is the kinematic viscosity. 
The kinematic viscosity of the water used is the same for the 
model and prototype, and experience indicates that the term 


has little effect. Theory of the pump further suggests 


that the first and second terms are connected as a product and, 
further, Q/(ND®) is proportional to the specific speed and must 
be the same in model and prototype. Therefore, it follows that 


d NW, 


Since the pump and turbine are exactly similar, it seems rea- 
sonable to apply Moody’s formula for the efficiency relation be- 
tween model and prototype, and this is 


Applying these principles to the four pumps considered gives 
the results in Table 4. 

For the 12,000,000-gal, 24,000,000-gal, and 30,000,000-gal 
pumps, the calculated efficiency agreed very well with the ob- 
served value, but the 48,000,000-gal pump actually gave 1 
per cent higher efficiency than the model indicated. As this 
efficiency was unusually high, the tests were repeated and the 
venturi meter was calibrated, but there appears to be no error in 
the figures given. 


VENTURI-METER COEFFICIENT 


Owing to the very high efficiency indicated on the 48,000,000- 
gal pump, the author decided to eliminate all possibilty of error 
by calibrating the venturi meter against definite displacement in 
one of the reservoirs at the station. Before beginning the cali- 
bration, and after finishing it, very careful observations were 
made on leakage, and these showed the reservoir to be perfectly 
tight. The volume of the reservoir was computed from measure- 
ments and the test was continued for 5 hr with as nearly constant 
differential on the meter as was possible to keep by a control 
valve which was constantly watched. The depth of water de- 
livered to the reservoir was 12.88 ft and, as the elevations could 


These pumps have set a very high standard for units of this 
size and duty, and reflect great credit on the Dominion Engi- 
neering Works, Montreal, and particularly on their chief engi- 
neer, Mr. H. S. Van Patter, and on their pump designer, Mr. H. 
Ulmann. 

The author’s thanks are due to Mr. R. C. Harris, Commissioner 
of Works, Toronto, for permission to publish these results. The 
rigid specifications drawn up under his direction are undoubtedly 
partly responsible for the splendid showing. Thanks are gladly 
tendered to Mr. A. U. Sanderson and Mr. L. F. Allen, engineers 
of the Works Department, for their cooperation in all the work; 
particularly Mr. Allen who was present throughout every test 
and was responsible for the operation of the pumps. Mr. L. E. 
Jones assisted with photography and showed great skill in the use 
of the cameras and in the lighting, and Mr. Ulmann who was 
present during all of the tests showed the author every courtesy in 
a rather difficult task. 


Discussion 


L. F. Attan.? The author gives a comprehensive description 
of the methods used in testing the over-all efficiencies of the 
pumps recently installed at Victoria Park, Toronto. The arrange- 
ment of the measuring sections which, in general, follows the 
recommendations of this Society was described in the specifica- 
tions on which the contract for the supply and installation of the 
pumps was based. A conference of all parties interested in the 
tests decided that a high degree of accuracy was required and that 
water manometers for the venturi meters, mercury gages for 
measuring pressures, and cameras for taking the readings should 
be used. 

The advantages of photography for recording the indications 
of the gages and instruments are obvious, and the practicability 
of the method has been demonstrated. Its chief advantage is the 
avoidance of the inherent human errors involved where a number 
of observers are employed. With cameras, the only human ele- 
ment entering into the recording of the indications is the opera- 
tion of the camera shutters, and this can be done quite accurately. 
Other advantages are the reduction in the number of persons re- 
quired for the tests and the securing of a permanent photographic 
record of all indications. 

Although the design and arrangement of the apparatus re- 
ceived earnest consideration at the outset, the technique de- 
veloped gradually as defects and difficulties appeared. For ex- 
ample, the first photographs of the water manometer showed 


2? Department of Works, Water Supply Section, Toronto, Canada. 
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insufficient contrast between the part of the glass tube containing 
water and that containing air, so that the position of the top of 
the water columns was not easily readable. To increase the con- 
trast, it was suggested that dye be placed in the water but the 
idea was discarded because it was thought that, following a fluctua- 
tion, the dye might stick to the glass tube thus blurring the 
image. A white card with sloping black lines was placed as a 
background behind each glass tube. With this arrangement, 
due to lens effect, there is in the image an abrupt change in the 
slope of the lines at the water surface. 

Another difficulty which presented itself at the outset was the 
glare from the lights reflected from the glass tubes, which made 
the negatives less easy to read. To improve this condition, the 
lights were counterbalanced on a vertical support so that by 
raising or lowering them the reflections did not occur at the water 
surface. The glare was later entirely eliminated by arranging a 
shield in the form of a black cloth tape alongside each glass tube 
of the manometer so that light did not shine on the glass tube but 
did illuminate the background, whence it was reflected through 
the tube to the camera. The same device was applied to the 
mercury tube. In the displacement test for checking the meter 
coefficient, an electric clock was included in the photographs; 
it was found that the clock should be placed near the center line 
of the lens in order to avoid the effects of parallax. The clock 
should previously be checked to insure that the minute hand takes 
the correct position at all points on the dial and it should not be 
entirely relied upon lest it stop due to power failure. Stop 
watches were used to obtain elapsed time of the test, etc. 

In connection with the mercury gage, there was only one 
column to photograph and it was possible to mount the camera 
on a sliding carriage on a pipe standard so that the camera was 
always positioned horizontally opposite the surface of the mer- 
cury column. Any variation of the location of the image from 
the center of the negative was due to fluctuation of the pressure. 

This method is more accurate and convenient than other 
methods, yet its accuracy and speed can be further increased by 
certain refinements not difficult to arrange. For instance, all 
cameras could be made to operate at the pressing of a single but- 
ton which would have the advantage in that one person could set 
and control all the apparatus connected with taking the pictures. 
The parallax due to the wide angle made with the camera by the 
two water columns at the manometer could be avoided by using 
one camera for each column. These cameras could be syn- 
chronized mechanically to operate at exactly the same time. The 
light for illuminating the mercury column could be projected 
through a slot behind the glass tube and would reach the camera 
lens only in the portion above the mercury, thus providing 
maximum contrast. A similar arrangement with a suitable back- 
ground could be used for the water manometer. 

An alternative method which would perhaps yield more in- 
formation would include the use of motion-picture cameras, and 
an electric clock in the field of each, all properly synchronized 
to produce simultaneous exposures correctly identified. 

Practically any type of camera having a shutter speed of 1/100 
sec can be used. In these tests, four types were employed, i.e., 
a plate camera, a reflex camera, a film-pack camera, and a 35-mm 
miniature camera; each did its work well. The reflex camera 
has a special advantage in that the focus can be checked at all 
times. The value of this was illustrated in one case when the 
setting of one camera was disturbed and the pictures were 
blurred so that the entire test had to be discarded. The photo- 
graphic method has proved so satisfactory that one would be 
loath to revert to the use of observers. Indeed, under the un- 
steady conditions encountered, it is doubtful if observers would 
be satisfactory. 

The endeavor to insure a high degree of accuracy, by using 
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mercury pressure gages, water manometers, and cameras, was 
extended to the erection of the apparatus and the taking of essen- 
tial data necessary for the calculations. Measurements were 
made independently by more than one operator and the author 
invariably checked each one to eliminate any possibility of error. 


CuarLes Bass.* The author’s tests indicate that the proto- 
type in this instance showed an increase in efficiency over model 
tests which follows very closely the Moody formula for efficiency 
relation between model and prototype. Three manufacturers of 
pumps have discovered that the expected increase in efficiency 
did not materialize in the case of the pumps for the Colorado 
River Aqueduct. 

Contractors’ models, which were approximately one fifth the 
size of the prototype were built and tested in the hydraulic 
laboratory at the California Institute of Technology. All water 
passages of the model had to be in exact ratio to those of the proto- 
type. They were very carefully constructed and were given the 
best finish possible, in order to obtain high efficiencies. They were 
carefully tested with the finest of precision instruments, both in 
the manufacturer’s laboratory and at the institute. 

The prototypes were manufactured with the same care as 
were the models, particularly with respect to finish, polish, and 
paint. They were tested in the field with the same care as were 
the models, and with the best of calibrated precision instru- 
ments. 

The Allen salt-velocity method was used to determine the ca- 
pacity. Preliminary results gave lower pump efficiencies than 
were expected. The penstocks were extremely smooth and were 
at quite an incline. The Allen technicians installed turbulators 
ahead of the salt pop valves and more consistent results were 
then obtained. A 10-acre reservoir in the immediate foreground 
of the Iron Mountain plant was carefully surveyed and was used 
as a volumetric calibration. Tests were taken to determine the 
inflow and outflow corrections which should be applied. Tests 
were performed at night to minimize the evaporation loss. The 
results of the calibration showed that the Allen-method values 
were from 0.1 to 0.6 per cent higher than the volumetric measure- 
ment, varying with the number of pumps in operation. 

The final results of both tests on the Allis-Chalmers pumps 
gave 92.5 per cent maximum efficiency for the model and 91.3 
per cent average efficiency for the prototypes. Similar results 
were obtained on all the different manufacturers’ pumps. We 
are, therefore, of the opinion that not too much faith should be 
placed in obtaining increased efficiency for prototype over model. 

With regard to venturi-meter coefficient, we had some ex- 
perience with the meter results changing in a very short time at 
the laboratory at the institute. The meter coefficient changed 
from 0.3 to 0.4 per cent between calibrations. It is the writer’s 
opinion that all venturi meters should be calibrated, if possible. 


R.L. Dauauerry.* The title of the paper appears to be some- 
what misleading, since there is nothing new in the methods of 
measurement as described. If it were designated as an ‘“Im- 
proved Technique for Field Tests,” that title would be more ap- 
propriate. The procedure used by the author is actually a step 
toward bridging the gap which usually exists between the ac- 
curacy of field tests and laboratory tests. Thus, the quantity of 
water is measured by venturi meters, which is common labora- 
tory practice, although not so often encountered in actual in- 
stallations of large pumps. However, only one of these meters 
was calibrated, while the remainder employed the coefficients 


3 Design Engineer, Centrifugal Pump Division, Hydraulic Depart- 
ment, Allis-Chalmers Manufacturing Company, Milwaukee, Wis. 

4 Professor of Mechanical Engineering, California Institute of 
Technology, Pasadena, Calif. Fellow A.S.M.E. 
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recommended by the A.S.M.E. Fluid Meters Committee. The 
reason given for calibrating this one meter was that the recom- 
mended coefficient gave a pump efficiency of 0.965 per cent. The 
calibration of the meter yielded a lower coefficient than the 
recommended value and thus reduced the pump efficiency to 
0.93 per cent. The question therefore arises why all of the ven- 
turi meters were not then calibrated? Although all of the other 
pump efficiencies reported were not unreasonable values, they 
might also have been lowered 2 or 3 per cent by the use of lower 
meter coefficients. Aside from the fact that the recommended 
coefficient for this one meter gave too high a pump efficiency, 
was there any other reason why it would appear to require cali- 
bration more than the others used? 

The employment of manometers for the differential gages on 
the venturi meters and mercury manometers for the measure- 
ment of pressure heads on the pumps is common laboratory prac- 
tice. This is also found in occasional field tests, though of course 
it is not so common there as in laboratories. 

The use of calibrated electrical instruments for the measure- 
ment of input to the electric motors is commen practice for good 
field tests. Likewise, the acceptance of motor efficiencies as 
supplied by the motor manufacturers is common, but would not 
be considered good laboratory technique. 

The use of cameras to photograph the readings of the various 
instruments used is good practice and has been much utilized in 
laboratory work, but not very frequently in field tests. 

It is stated that the frequency of the electric power used is 
maintained at great exactness at 25 cycles and, therefore, the 
pump speeds were not measured in the cases of the synchronous 
motors and only the slip measured for the induction motors. It 
would be interesting to know what evidence is available as to the 
exactness of the frequency of the system at Toronto. In Pasa- 
dena, we find sudden deviations of the order of '/, per cent, 
which would produce #/, per cent variation in horsepower. 
While the local frequency is uniform over a period of time, the 
instantaneous variations would interfere seriously with precise 
measurements in our hydraulic-machinery laboratory. 

A most interesting part of this paper is the comparison of the 
efficiencies of the pumps tested by the author and of the model 
pumps tested by the manufacturers. The differences between 
model and prototype are just about what one should expect. 
Also the agreement of the prototype-test efficiencies with the 
values computed from the models by the Moody formula is very 
gratifying. 


L. E. Jones.’ Although references to the use of photography 
in scientific and technical work are legion, there does not appear 
to be much available in the literature on the particular method 
employed by the author. Therefore, it would appear to be de- 
sirable to set forth here a brief account of the photographic de- 
tails involved. The author remarks on the high accuracy ob- 
tained in the observations, but it must be emphasized that this 
result is brought about by design rather than by chance. In the 
following discussion there will be considered the various factors, 
peculiar to the particular methods of observation, which affect 
the accuracy of the readings, with indications as to means of 
computing the necessary corrections. This analytical treatment 
is given principally to show the prevention rather than the cure, 
as it is generally much safer and certainly much more convenient 
to minimize corrections beforehand by proper arrangement of 
the equipment. These corrections, of course, are not the only 
ones required in working up the results, but only those which 
are caused primarily by the use of photography will be con- 
sidered. 


5 Instructor, Department of Applied Physics, University of 
Toronto, Toronto, Canada. 


For detailed descriptions of photographic theory and technique, 
the reader is referred to standard works on the subject.® 


PRELIMINARY OPTICAL CALCULATIONS 


Before any testing procedure is attempted, it is essential that 
the photographic apparatus be arranged to give the best results 
and, while there is no improvement on actual trials, much time 
can be saved by preliminary calculations. For this purpose, 
certain optical equations are presented herewith, with indica- 
tions as to their use. 

The following nomenclature will be used: 


f = focal length of camera lens? 

U = object distance =distance of object from (entrance node of) 
lens 

V = image distance = distance of image from (exit node of) 
lens 

d = distance from object to image (neglecting internodal dis- 

tance), all measured parallel to optical axis of lens 
= given dimension of image 
corresponding dimension of object; both measured per- 
pendicular to optical axis of lens 
M = linear magnification or scale of image*® 
Length of image (measured perpendicular to optical axis) 
Length of corresponding part of object 


According to the “‘law of lenses” 


[1] 
whence 
' wort [2] 
Md 
, _ +) 
U 


The emulsion resolving power governs the fineness of detail 
which can be distinguished in the photograph, and the magnifica- 
tion M must be chosen to suit the precision required in the linear 
measurements. As a general rule, the smallest quantity to be 
measured on the photograph should not be less than !/x in., 
and definitely should be greater if at all possible, as it will make 
the interpretation much more satisfactory. If Y is the maximum 
length of object (for example, the maximum venturi differential), 
the corresponding size of image is y = MY, and the size of plate 
or film should be chosen to give an adequate margin of safety. 
Once this size and the corresponding lens has been selected, the 
location of the camera may be computed from Equation [5]. 


§ “The Photographic Process,”” by J. E. Mack and M. J. Martin, 
McGraw-Hill Book Co., Inc., New York, N. Y., 1939. 

“Handbook of Photography,” by K. Henney and B. Dudley, 
Whittlesey House, New York, N. Y., 1939. 

“Photography, Theory and Practice,”” by L. P. Clerc, Pitman Pub- 
lishing Company, New York, N. Y., 1937. 

7 On most lenses the value of the focal length will be found en- 
graved on the mount. This is the nominal value, which may differ 
slightly from the actual value. Although not generally required, 
the latter may be conveniently determined by measuring M and d 
and solving Equation [4], provided d is large enough to make the 
internodal distance negligible. Other methods of determining f are 
given in the standard works.® 

8 For most classes of work, the value of M will be less than unity. 


| 
| 
a 
| 
| 
| 
a 
| 
3 
an 
4 
| 
| 
| 
| 
ae 
a 
} 
3 
j 
| 


22 TRANSACTIONS OF THE A.S.M.E, 


With these preliminary data, it is possible to compute the time 
of exposure required to “stop” adequately the fluctuation of the 
gage column or meter needle. If xis the estimated velocity of 
fluctuation in inches per second, M the magnification, and 7 
the time of exposure in seconds, the image velocity will then be 
Mz inches per second, and the image movement during ex- 
posure MxT inches. Due to the limited resolving power of the 
eye, the blur resulting from this image movement will be satis- 
factorily “sharp,” provided it does not exceed a certain size (for 
example, '/s in.) and, by equating this value to the quantity 
MzT, the time of exposure may be determined. Other con- 
siderations, such as floor or tripod vibration, may necessitate 
shortening this time. With this determined, adequate illumi- 
nation must be provided to give the required exposure on 
the photographic emulsion. The lens aperture should be fairly 
small (around f/8) to utilize the best characteristics of the lens 
and to give some depth of field. 
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INTERPRETATION OF THE PHOTOGRAPHIC RECORDS 


The principal reason for correcting the photographic readings 
lies in the fact that the camera draws by central projection (per- 
spective) rather than by orthographic projection, which is the 
condition automatically assumed by the visual observer. The 
two types of measurements made in the pump tests are those in- 
volving fluid manometers and electrical instruments, and these 
will be dealt with separately. It is assumed, of course, that the 
camera objective is of good quality (i.e., corrected for lens aber- 
rations and distortion) and adjusted in proper focus. 

1 Fluid Manometers. The remarks here are concerned prima- 
rily with measurement of the venturi differential, as this involve | 
the greater difficulty. The arrangement of gage tubes and scale 
is shown in Fig. 3 of the paper and schematically in Fig. 10A 
of this discussion, and the required differential head is the verti- 
eal distance between similar points on the two menisci. This 
distance is taken between the imaginary horizontals ab, cd, Fig. 
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10A, tangent respectively to the two menisci, and is read by 
means of a traveling microscope, as explained by the author. If 
this method of reading is to be valid, however, the “rectangle” 
abdc must be reproduced as such in the camera, which requires 
(1) that the scale be located in the same plane as the center 
lines of the tubes, and (2) that the camera back be parallel to this 
plane. Departure from either or both of these conditions results 
in a distortion of the form displayed in Fig. 10B, with obvious 
inaccuracies in the results. (If the conditions producing this 
distortion were in the opposite direction, then side bd, Fig. 10B, 
would be less than ac.) It is generally much simpler to treat 
these conditions separately as follows: 

(a) Focal plane of camera parallel to plane of manometer tubes, 
but scale either in front of or behind this plane. This is the con- 
dition depicted in Fig. 10C, and gives rise to the obvious relation: 

True differential U’ z 


= ~ =|] + 
Apparent differential (as read from photograph) U 


where, U’ = distance from lens to tube axes 


U = distance from lens to scale (which may be greater 
or less than U’) 
z = axial distance between tube axes and scale 


If the venturi differential is very large, it is often impossible or 
unwise to set the camera up midway between the two extremes 
of the differential, and in such circumstances it is necessary to 
raise the lens with respect to the camera back, as shown in Fig. 
10C. Tilting of the entire camera is of course undesirable. If 
needed for the refractive correction mentioned under section (c), 
the partial angles of view, 6,‘ (top) and @,° (bottom), may be com- 
puted from the respective elevations of the lens and the two me- 
nisci, easily obtained from measurements above floor level. 

(b) Scale in same plane as manometer tubes, but camera back 
not parallel to this plane. While simple enough, by means of a 
spirit level, to make the camera back vertical, it is not so easy to 
eliminate swing in the horizontal direction (i.e., in azimuth). 
If y is the amount of this swing, and 6, (6; or 6,°) the angular 
elevation of the ray passing through the meniscus, the amount 
of the discrepancy resulting due to these conditions is given, 
in magnitude only, by the expression S sin y tan @,,’ where S is 
the transverse distance between gage tube and scale, Fig. 10A. 
This discrepancy corresponds to distance bb’ or dd’ (aa’ or cc’ in 
the opposite condition) shown in Fig. 10B. Representative 
values are given in Table 5 of this discussion for S = 1 in. and, 
since the discrepancies for upper and lower readings are additive, 
the error may easily become appreciable. 

The values of Table 5 are primarily of academic interest, as 
it is usually difficult to determine the amount of swing y. The 
simplest and best method of correction is to place the scale as 
close as possible to the manometer tubes (preferably between 
them), and to exercise care in aligning and leveling the camera. 
Otherwise two scales should be used, one on either side of the 
manometer and with their zeros accurately adjusted to the same 
level. Thus, whatever the resultant shape of the original 
rectangle, the horizontals ab and cd will be always defined, re- 
spectively, by like graduations on the two scales; this may, of 
course, involve some additional labor in reading. A word of 
caution should be given regarding linear measurements taken 
from photographs, as the linear magnification will be nonuniform 
from point to point except under strict conditions of parallelism. 
Hence, the necessity, apart from the convenience, of referring the 
measurements to an actual scale incorporated with the manome- 
ter. 

(c) Even if the errors considered in sections (a) and (6) are 


® This assumes that the lens axis is normal to the camera back, and 
directed centrally toward the subject. 


TABLE 5 ERRORS IN RECORDED POSITION OF ONE MENISCUS 
DUE TO NONPARALLELISM OF MANOMETER AND CAMERA 
BACK (BOTH VERTICAL) 


(Transverse distance between tube and scale = 1 in.) 


swing y— 
Elevation 
of ray 6: 5 deg 10 deg 15 deg 
deg in. in. in. 
0.008 0.015 0.023 
10 0.015 0.031 0.046 
15 0.023 0.046 0.069 


TABLE 6 REFRACTIVE CORRECTIONS IN VENTURI 
MANOMETER 


(Scale assumed to be in plane of tube axes; camera back parallel to plane of 
manometer) 


Angle subtended 


by differential Corrections——_——. 
Oxt 15 Top Bottom 
Total (top), (bottom), meniscus, meniscus, Total, 
Item deg eg eg in. in. in. 

1 10 5 5 0.008 0.008 0.016 
2 30 15 15 0.024 0.028 0.052 
3 60 30 30 0.055 0.071 0.126 
3a 60 15 45 0.024 0.151 0.175 
3b 60 45 15 0.115 0.028 0.143 
4 90 45 45 0.115 0.151 0.266 


Note: Wall of tube = 0.21 in.; bore of tube = 0.20in. Refractive 
indexes: Air 1.00; Pyrex glass 1.48; water 1.33. 
eliminated, there still remain the corrections due to refraction. 
These have already been discussed by the author, and it will 
suffice here to indicate how the values may be obtained analyti- 
cally. The following equations assume that the scale is in the 
plane of the tube axes, and that the camera back is parallel to this 
plane. In computing these corrections, the value of 6; (6:' or 6,°) 
is obtained as suggested under section (a), and the other angles 
follow from Snell’s law of refraction: 


N, sin 6; = Nz sin 62 = N; sin 43, ete. 


where N is the absolute index of refraction and @ is the angle 
between the ray and the normal te the refracting surface; sub- 
scripts refer to the different media. The corrections to the 
meniscus readings are always negative and are as follows: 


For top meniscus 
B 
= W([tan 6,‘ — tan @,'] + [tan —— (1 + sin tan @,° 


+ vers 6;'] 
For bottom meniscus 


B 
= Witan — tan + 3 [tan 0,” —— (1 — sin 6,°) tan @,° 


— vers 


where W = wall thickness and B = bore of tube. Table 6 of this 
discussion shows representative values for assigned values of 6. 
The values given considerably exceed those encountered during 
the tests, and are included merely to demonstrate the trend of the 
correction. Items 3, 3a, and 3b of Table 6 show the effect of 
unequal angles above and below the optical axis, while item 4 
shows what might be expected if a “wide-angle” lens were used 
on the camera to permit photographs to be taken in cramped 
quarters. 

Such corrections as those indicated should be quite satisfac- 
tory if actual conditions were the same as those assumed, but 
this is seldom likely to be the case, as irregularities in the glass 
tubing or slight deviations from the vertical would alter consider- 
ably the optical characteristics. By far the safest procedure is 
to keep the angular subtense as small as possible by proper ar- 
rangement of the camera; any correction which may arise will 
then be small, and the calculated value not likely to depart much 
from the proper value. Although the equations appear rather 
formidable, a few values will suffice to plot curves (corrections 
against @,) adequate to cover any given series of tests. 

With the mercury head gage, the recording is usually much 
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simpler, as the camera may be placed close enough to give a con- 
venient value of magnification, and raised or lowered to reduce 
the effects of obliquity. The preceding remarks on manometer 
corrections apply equally well, of course, with the exception that 
there is only one meniscus involved and, thus, corrections (a) 
and (b) may be considered together. With suitable technique, it 
should be possible to eliminate the need of corrections almost en- 
tirely, but it must always be borne in mind that, for any given 
tolerance in the final result, finer readings must be made with 
mercury than with water in the manometer. 

For locating the mercury meniscus, it is of considerable value 
to have water above the mercury column, with a diagonal pattern 
behind as previously explained. This water is always present 
when the gage is used as a differential meter, but when used for 
measuring discharge pressure only, the water may need to be 
_ added separately to the top of the column. In the latter case, 
the water meniscus gives a convenient check on the mercury 
reading, and may be invaluable if the mercury meniscus should 
be obscured by a manometer joint. 

2 Electrical Instruments. When the instruments are used in 
the horizontal position, the camera must be supported with the 
lens axis vertical and, to permit satisfactory definition, the meters 
should be arranged so that their dials lie at the same elevation, 
Fig. 1 of the paper. The only observational correction which ap- 
pears to be necessary is that due to obliquity of the rays and, as 
most meters are provided with a plane mirror for the elimina- 
tion of visual parallax, this happily provides a simple means for 
determining the proper reading. Fig. 10D of this discussion is 
drawn vertically through the perspective center of the camera 
lens normal to both the meter needle and the plane of its dial, and 
illustrates in exaggerated fashion the conditions encountered 
when photographing a single meter. Due to the obliquity, the 
actual needle B appears to be “opposite” point c on the dial, 
while its reflection B’!° appears to be ‘‘opposite’’ point a on the 
dial; the photographed images of these points lie, respectively, 
at c’ and a’. The true reading of the needle occurs directly be- 
low it at the point b, and should be recorded in the photograph at 
b’. 

Using the notation of the figure, we may show by similar tri- 
angles that 

ab k’ be k’ L—k 


— = and — 


If L, the height of the camera lens above the meter dial, is great 
with respect to the distances k and k’, and if the focal plane of the 
camera is parallel to the meter dial (both of which are generally 

ab k’ 
the case), then +a a ay which, when evaluated, permits 
of interpolating the true dial reading from the two recorded ap- 
proximate readings. As a first and usually adequate approxi- 
mation, k’ may be assumed equal to k, and it thus suffices to take 
the arithmetic mean of the dial readings represented by a’ and 


c’. If necessary to refine the process, we may proceed thus from 
k’ ab ae+eb 2t tan 6 
the figure: The angles a 


and 8 are connected by Snell’s law of refraction and, since the 
angles are generally small, we may replace the ratio tan a/tan 8 
by sin a/sin 8 = N, the index of refraction of the glass of the 
mirror, with respect to air. To sufficient accuracy then, the ‘‘in- 


10 Not its “shadow,” as suggested by the author. In the tests, the 


parallax in two of the instruments was eliminated by suitable place- 
ment of the camera, so that needle reflections were observed only for 
the other two instruments, viz., those shown on the right of Fig. 4 
of the paper. Unfortunately, the fine detail of the original negative is 
lost in the half-tone reproduction. 


JANUARY, 1941 


terpolation factor” is = =1+ =~ which is constant. Actual 
measurement of the quantities t, k, and N for any particular 
meter is obviously not desirable nor is it necessary, for the factor 
may be obtained by the simple means of reversing the procedure 
mentioned; in any event, the nature of the factor does not re- 
quire great accuracy in its determination. That is, with the 
actual meter in use, values represented by a, 6, and ¢ are read 
and the calculations reversed to determine the interpolation fac- 
tor; readings a and c are made from the same viewpoint to one 
side of normal and not too close to the dial, and reading b is 
made in the usual normal position. Care must be taken to apply 
the interpolation factor in the proper way, which gives the ratio 


a’'b’ ab 
we = greater than 1; in Fig. 10D this ratio is somewhat 
less than 1 due to the exaggeration involved. 

Since the cover glass protecting the meter has parallel faces, 
it has no appreciable effect on the optical conditions just dis- 
cussed. 

If the meter dial has no mirror, then only one needle reading 
will be recorded, namely, that at c. The correction is therefore 


k Jk Jk 
—, approximately. 


If there is any doubt as to the direction of obliquity (and thus 
as to the sign of this correction), it may usually be determined 
from the perspective of the photograph. 

The parallax for any meter can be completely eliminated by 
placing the pivot of the needle directly below the camera lens. 
However, since it is only the component of obliquity tangent to 
the needle which has any effect on the reading, it is possible to 
minimize parallax for more than one meter, if the lens is vertically 
above the line of the average needle position of each instrument. 

As with the venturi gage, it is desirable to reduce the angular 
subtense by crowding the meters close together and using a 
camera lens of not too short a focal length. 


PHOTOGRAPHIC TECHNIQUE 


The fact that the photographs referred to in the paper were 
made with standard camera equipment should counteract any 
criticism that this method of observation belongs essentially to 
the laboratory. It is true that something more than “‘snapshot”’ 
technique is required, but photographs such as those described 
can be made, under any reasonable circumstances, by an en- 
thusiastic technician and intelligent, though not necessarily 
technical, assistants, even if necessary to improvise a temporary 
darkroom on the job. It is not necessary or desirable to make 
prints from the negatives (as some of the detail may be lost in 
the printing process) and observations may thus be made as soon 
as the negatives are dry. With suitable arrangements before- 
hand, little more than a strong magnifying giass should be re- 
quired to assist in making the readings. The following remarks 
will be devoted to a brief consideration of the practical aspects 
of the photography. 

Since the number of photographic exposures to be made in any 
extensive series of tests will be considerable, it is essential to 
use cameras which provide for minimum expense and easiest 
handling of the negative material during exposure and subse- 
quent processing. Ease of operation during the actual tests is 
extremely important, particularly with operators unaccustomed 
to cameras, in order that the operator’s mind may be free to con- 
centrate on the business of making the exposures at the proper 
times. Any involved process, mental or manual, may result in 
missed “shots,” which may often spoil a whole set and waste 
much time and material. Due to their cheapness and great 
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ease in loading and processing, roll film and film pack are ex- 
cellent, but where great accuracy in the photograph is required, 
as with the venturi gage, it is generally necessary to resort to 
plates or cut film, since the more flexible film cannot always be 
held flat enough. With the venturi gage, the length of the dif- 
ferential often gives a very small value of the magnification and, 
coupled with the fact that the required readings are in the mar- 
gins of the field, it is necessary to focus the camera very carefully 
and to assure that the photographic emulsion be kept flat and ac- 
curately positioned in the camera. 

In the interests of accuracy and ease of reading, the photo- 
graphic images should be reasonably large in size, and the cameras 
should be chosen accordingly. If desired to increase the image 
size, it is recommended not to draw closer to the subject and thus 
increase the effects of obliquity, but to use a lens of longer focal 
length, for it is seen by Equation [3] (M = f/[U —f] = f/U, for 
usual cases) that the magnification is directly proportional to the 
focal length. The camera must of course be large enough to 
accommodate the greater image distance and image size. 

Of the cameras employed in the pump tests, that used on the 
venturi gage (f = 16.5 cm) was the least satisfactory, as the re- 
cording of the 100-in. differentials was sometimes uncomfortably 
close to the limiting resolution of the system; a larger size of 
camera is strongly recommended for differentials of this magni- 
tude. Further, the use of plates is extremely tedious, and a con- 
siderable saving in material, time, and patience can be effected 
by making up a “repeating back” for the camera. This consists 
of a special holder loaded with a single large piece of plate or cut 
film, which may be slid along in guides on the back of the camera 
to give successive partial exposures. Since the image of the 
venturi gage is essentially long and narrow, this would permit 
placing several photographs beside each other on the same plate or 
film, with great economy in handling. 

In ordinary linear measurements, increased precision is usually 
attained by using a more finely divided measuring scale. When 
the scale has to be photographed, however, there is an optimum 
spacing of graduation, dependent upon the magnification and 
type of emulsion; if the divisions are made any finer, it will be 
found impossible to distinguish the detail satisfactorily. A safe 
guide, as mentioned previously, is to have the smallest graduation 
not less than '/2 in. in the photograph. Due to the tendency 
of image lines to spread slightly, it is desirable to use scales of the 
“bisection” type (graduation at the imaginary bisector of a line 
of appreciable thickness, used in most cases) rather than of the 
“boundary” type (graduation at the boundary line between dif- 
ferently colored spaces of equal width, as in surveyors’ leveling 
rods). The spread of the boundary images tends to give unequal 
widths to the alternate dark and light spacings of the scale. In 
order to photograph well, the scale must further have good con- 
trast and preferably a nonglossy surface. 

Further items may be tabulated as follows: 

1 A prime requisite is a sturdy support for the camera, which 
may require the construction of special stands, as illustrated in 
Fig. 1 of the paper. 

2 The cameras should always be focused by visual inspection 
of the image, and the field made large enough to take care of any 
possible fluctuations in position of the subject. 

3 The negative material should be a fast, fine-grain, panchro- 
matic emulsion and be processed under fine-grain conditions. 
It will generally be found desirable to keep exposure on the low 
side and to develop to a fairly high contrast to permit easy read- 
ing. 

4 Since the exposure times must be fairly short, it is necessary 
to provide good illumination on the meters and gages. This is 
generally best obtained with overvoltage, high-efficiency lamps 
(photoflood type) which are commonly available, but as their life 


is relatively short, some means (‘Handbook of Photography,”’ p. 
282) is necessary for reducing the input voltage except during 
the actual time of exposure. If many lamps are in use, care 
must be taken not to overload the circuits and, in order to reduce 
the number of lamps to a minimum, they should be housed in 
efficient reflectors. The illumination units should be compact 
and easily adjusted in position to concentrate the light where it 
is most needed and placed, of course, to avoid specular reflection 
on the subject and direct illumination on the camera lens. 


Norman G. McDonatp.'! The photographic method of re- 
cording test readings as described and illustrated in this paper 
has two distinct advantages (1) thereby, a permanent accurate 
record of the test readings of each instrument is made for future 
reference, and (2) the personal element is almost entirely elimi- 
nated as photographers are substituted for trained engineering 
observers. 

The pumping equipment tested by the author is a part of the 
$14,000,000 extension to the Toronto Water Works System for 
which the writer’s firm, Gore & Storrie, jointly with H. G. Acres 
& Company are the consulting engineers on the design, construc- 
tion, and operation; the specifications for the pumping equip- 
ment referred to in this paper were drawn up by them. 

The specifications require that each pump with its motor be 
supplied as a unit with an over-all guaranteed efficiency. The 
value of 1 per cent efficiency was specified for each unit and the 
amounts so ascertained were used in evaluating tenders as well 
as for deductions from the contract payments in case the con- 
tractor failed to meet the guarantees. As the value of 1 per cent 
efficiency on the largest unit amounted to $4450 or 12'/, per 
cent of the contract sum, it was necessary that the acceptance 
tests be carried out as accurately as possible. 

Another requirement of the specifications was that the equip- 
ment should operate without objectionable noise. As the specific 
speeds of two of the raw-water pumps were relatively high for the 
9-ft suction lift specified, this caused the engineers considerable 
concern. 

The instruments used in these tests were very reliable. The 
calibrating of meters and instrument transformers, assembled 
and connected in the same way as used in the tests, undoubtedly 
improves their accuracy. The use of a water manometer on the 
venturi-meter tubes and a mercury manometer for reading the 
pressures reduces the calibrations to a minimum. 

The necessity for calibrating venturi tubes under certain condi- 
tions has been demonstrated in the paper. The writer has found 
that, unless preceded by a straight length of pipe of at least 12 
pipe diam or other means of insuring straight-line flow, the cal- 
culated venturi-tube coefficients are too high and errors up to 
nearly 10 per cent in the indicated flow have been experienced. 
The present tendency toward the use of tubes with lower differ- 
entials increases the relative error caused by disturbed flows. 

Another difficulty in securing accurate flow or pressure meas- 
urements is the oscillation or surges in the manometers, as 
demonstrated by the readings in Table 2 of the paper. Even 
under the most favorable conditions of flow, wave action is al- 
ways present, which causes velocities in the piping to the manome- 
ters and, due to the inertia of the water, a surge is set up and the 
manometer readings overrun. The fluctuations in the various 
instruments do not synchronize and, while trained observers 
would not record, without comment, the top of a surge on an 
instrument, this is likely to happen in the photographic method 
and the reading would be in error. 

Damping the connecting pipe lines by partially closing valves 
is not very satisfactory but the writer has on several tests in- 
serted small orifices in the pipe lines to damp out the surge. 


1! Partner, Gore & Storrie, Consulting Engineers, Toronto, Canada. 
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Electric meters operate more rapidly than the water manometers 
but, due to the lightness of the moving parts and the use of 
air or magnetic damping, there is very little overrun. 

The test of the 48,000,000 gal per day unit indicated a pump 
efficiency of 92.7 per cent as calculated from the over-all ef- 
ficiency of 88.5 per cent and a motor efficiency of 95.5 per cent. 
As the venturi tube was carefully calibrated by displacement and 
the tests made with precision and in duplicate, this high efficiency 
in the writer’s opinion is accurate. The technique described by 
the author in this paper constitutes a distinct advance in the art 
of testing centrifugal pumps. 


W. S. Parpos.'? The venturi-meter air differential gage 
might advantageously have been of the pot type, described by the 
writer,'? thus doing away with the necessity of reading one of the 
columns and correcting for angularity or parallax. 

The author draws attention “to the smoothness and finish of 
the model,” and then uses Professor Moody’s step-up formula. 
Professor Moody has expressed some doubt concerning the ap- 
plicability of his formula to centrifugal pumps. The use of di- 
mensional analysis presupposes a model and prototype of the 
same proportional roughness, in which case, the efficiencies would 
be the same at equal Reynolds’ number. Ifthe model and proto- 
type are both smooth and all the losses are frictional, the lost head 
may be expressed in terms of Chezy’s formula and Blasius’ expres- 
sion for f, thus 


0.3164 LV? 
H 
as HaV?,h, = K 
(D/H) 
and 
H 
H 
1 
or (1 — £) = K 
from which 


Professor Moody makes the exponent of (h/H) = 0.1. The 
prototype is usually rougher than the model and some of the 
losses vary as V? instead of V'-*5, hence the writer suggests that 
the exponent of d/D = 0.2; the revised formula would then be 


1—E (a 0.2 0.01 
WD H 


This should be used only at the point of highest efficiency and, 
at other discharges, the peak differential should be multiplied 
by the ratio of discharges squared. 

The writer in deriving the coefficients of venturi meters d2/d, 
= 1/, used the expression 


1 + k 0.045 


12 Professor of Hydraulic Engineering, University of Pennsylvania, 
Philadelphia, Pa. 

13 “Effect of Installation on the Coefficients of Venturi Meters,” 
by W. 8S. Pardoe, Trans. A.S.M.E., vol. 58, 1936, Fig. 3, p. 678. 
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0.045 
or k = ——— is the coefficient of loss in the upstream cone, hence 


his suggestion of 0.2 for the Moody formula. 

The author has raised something of a question regarding the 
venturi-meter coefficients of the A.S.M.E. Fluid Meters Com- 
mittee, in which the writer is not disinterested, by producing a 
coefficient of 0.9545 for a 42 x 27-in. venturi meter instead 
of a normal value of 0.9876. There can be no doubt about the 
accuracy of his work, backed up as it is by the efficiency of the 
prototype stepped up from the model. The only reasonable ex- 
planation the writer can give for this abnormal coefficient is that 
the 42,000,000 gal per day pump discharges the water with a 
considerable whirl, thus lowering the coefficient. The effect of a 
free vortex!‘ is shown in a previous paper by the writer, as well as 
the length of pipe in which a minor vortex" will persist. The 
writer, therefore, suggests that a traverse be made imme- 
diately ahead of the meter to determine if there is a whirl, 
and if so, straightening vanes should be placed in the pipe to 
eliminate it. 

The writer joins with the author in congratulating the designers 
and builders of these pumps for their very high efficiencies, rival- 
ing as they do the best of turbine practice, which was thought to 
be quite impossible only a few years ago. 


F. G. Swirzer.'* There are two points in this paper which 
should be emphasized. The first of these deals with the fact 
that the manometers under observation during these tests 
were in constant motion, indicating that there was no damping 
between the pipe line and the manometer. This is a very de- 
sirable practice because damping can easily introduce appreciable 
error in test results. While this error may not always be very 
large, there are occasions where it may be quite significant. 
When the damping device offers different resistance to flow in 
the in and out directions, definite errors will be produced of un- 
known magnitude. When the damping device is symmetrical 
and offers resistance proportional to the square of the velocity, 
additional errors will be introduced which will be significant only 
if the pressure variations which cause flow in the manometer 
connections are large. The only damping which should ever be 
permitted is what may be called ‘‘viscous” damping, in which the 
resistance to flow is proportional to the first power of the velocity. 
In order to secure this type of damping, one must of necessity use 
either a very small-bore tube or else large tubes substantially 
packed full of needles or something equivalent thereto; both of 
these arrangements may make it difficult to clear the air out of 
the connections. The author is to be complimented for having 
used no damping. 

Another comment is in connection with the venturi-meter co- 
efficient. The fact that the coefficient obtained in test is 3.3 per 
cent below that recommended by the Fluid Meters Committee 
of the A.S.M.E. is very significant. The writer is of the opinion 
that much longer approach pipes should often be used than has 
been customary and that straightening vanes in the approach 
pipe may be used to reduce this length. As for the meter itself, 
the construction of the throat has considerable importance. If 
the piezometer connections are too close to the inlet cone, the 
meter coefficient will be smaller than anticipated. The shape of 
the throat passage may also be such as to produce the same re- 
sults. Some standardization of throat design should accompany 
the Fluid Meters Committee’s report of coefficients, if this has 
not already been done. 


4 Ref. (13), Fig. 32, p. 682. 

1 Ref. (13), Fig. 31, p. 682. 

1¢ Professor of Mechanics and Hydraulic Engineering, Head of 
Department, College of Engineering, Cornell University, Ithaca, 
N. Y. Mem. A.S.M.E. 
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W. M. Wuire.'? The 93 per cent efficiency obtained on one 
of the pumps is not an impossible efficiency. The filtration 
pumps in the City of Milwaukee also showed an efficiency of 93 
per cent when the quantity of water was measured volumetrically. 

A point of interest to the writer is the close adherence of the 
actual performance of stepup to the theoretical performance of 
step up by the Moody formula. In the case of the Metropolitan 
Water District pumps a stepup similar to that at Toronto was 
not secured. We have as yet been unable to find the reason why 
the large pumps on the Metropolitan did not give the high 
efficiency which should have been shown. 

One important point not entirely clarified in the paper is the 
fact that the coefficient of one of the venturi meters was found, 
by volumetric measurement, to be in error by 3 per cent. That 
is to say, when the manufacturer’s coefficient was used, the 
quantity was 3 per cent higher than when the coefficient was 
corrected by means of volumetric measurement. This empha- 
sizes the necessity of careful calibration being made on venturi 
meters for important centrifugal-pump tests. 


ArTHUR RynpeErs.'’ The writer’s experience shows that the 
data hardest to obtain accurately in a pump test concern the 
volume of water pumped. 

Some years ago, in testing centrifugal pumping units at the 
Menomonee Valley Booster Station, the water pumped was 
measured volumetrically. At this station there are no venturi 
meters. The pumping units are used to pump water from a six- 
million-gallon welded steel ground storage tank into the dis- 
tribution mains. Field measurements of the tank were deter- 
mined before filling the tank to find as nearly as possible its 
exact size at a known temperature. During the test, various 
levels of the water surface were measured by means of a hook 
gage. The volume computed from these measurements was 
corrected for the elastic volume change of the tank and the 
temperature of the tank wall at the time of test. The results of 
the test were considered to be within satisfactory limits of 
accuracy. 

Recently the pumping units at the Water Purification Plant 
were tested. The units tested consist of four 50-mgd and one 
75-mgd low-level pumping units; and two 20-mgd wash- 
water pumping units. It was decided to measure the water 
volumetrically even though venturi meters were available in the 
low-level discharge line. The tanks were underground rein- 
forced-concrete structures 297 X 372 ft in plan X 22.5 ft deep. 
Hook gages were again used to determine the water levels. 
The computed volume was used without any correction. The 
test results obtained were considered to be very accurate. Cal- 
culation made from these tests and motor tests indicated that 
some of our pumps have an efficiency slightly exceeding 93 per 
cent. 


AvuTHOR’s CLOSURE 


In his discussion Mr. Allan suggests that, for large differentials 
on the venturi meters, one camera for each column would have 
some advantage, but the author believes that there would always 
exist some question as to whether the cameras exactly synchro- 
nized. The single camera for the two columns gave excellent re- 
sults and there was much less trouble in setting up the apparatus, 
changing films, etc. 

Mr. Allan mentions the use of motion-picture cameras. Much 
thought was given the question, particularly in connection with 
the electrical instruments. However, since the contractors were 


17 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 

18 Mechanical Engineer, City Engineer’s Office, City of Milwaukee, 
Wis. 


still working on the building and equipment, the facilities at 
hand were far from perfect and precluded some methods which 
might otherwise have been further considered. In work of this 
kind, it is necessary to obtain the results of tests quickly, which 
would scarcely have been possible with the motion-picture film. 
In the actual test, films and plates exposed during one night were 
developed and available within about 10 hr, so that the result of 
each test was determined promptly. 

The use of the Moody formula in comparing the results on the 
model and prototype has been referred to several times in the dis- 
cussion. The author holds no brief for this formula and fully 
realizes some, if not all, of its defects, although there appears to 
be no reason why it should not apply to pumps as well as to 
turbines. The exponents in the head-and-diameter relation, as 
given by Professor Pardoe may be closer than those given by 
Professor Moody, and it would seem that experience alone would 
be the safest guide in this direction. All that the author can say 
in his defense is that the formula seemed to be well worth trying 
and it has given quite satisfactory results on these pumps. 

In order to compare the results of Professor Pardoe’s suggested 
exponents for the head-and-diameter ratios in the step-up 
formula, the author recalculated the results on these pumps 
which are given in Table 7 of this closure. The exponent of H/h 
is 0.1 as suggested by Professor Moody and 0.125 by Professor 
Pardoe, while the exponents of d/D are 0.25 and 0.2, respectively. 


TABLE 7 COMPARISON OF MOODY FORMULA AND PARDOE 
MODIFICATION 


Pump Measured Calculated efficiency 

capacity, model —E of ee Measured 
million g efficiency Moody ardoe efficiency 
per 24 e formula modification on pump 

12 0.900 0.908 0.905 0.902 

24 0.896 0.910 0.907 0.915 

48 0.896 0.920 0.914 0.930 

30 0.907 0.924 0.921 0.918 


It is seen that the two calculations give almost the same re- 
sults but, in this case, the maximum ratio D/d was only 2.63. 
Since the values of H/h lie between 0.81 and 1.47 it will make 
slight difference whether the exponent 0.125 or 0.1 is used. 

In the cases quoted by Mr. Babb and Dr. White the Moody 
formula did not prove satisfactory, which shows that it is either 
defective in construction or that the exponents vary in different 
cases. The scale of the models mentioned by Mr. Babb was 
much smaller than those mentioned in the paper, and there may 
be some little differences due to the method of discharge measure- 
ment used. 

Comments on the venturi-meter coefficient are interesting, and 
Mr. Babb’s statement that he found differences in the coefficient 
of 0.3 to 0.4 per cent between calibrations is striking and gives 
reason for some concern, assuming, of course, that the elapsed 
time between the calibrations was not great. The variations 
mentioned by Mr. McDonald are so large that one wonders 
whether they are due to setting or to manufacture or both. The 
author has made a careful examination of Professor Pardoe’s 
laboratory and the methods he has used in calibrating meters 
and believes them to be fully as accurate as claimed. At the same 
time, the coefficient given by the Fluid Meters Committee, on 
Professor Pardoe’s authority, was undoubtedly in error in the 
meter discussed in the paper. 

When opportunity offers, the author will try to follow Professor 
Pardoe’s suggestion of traversing the pipe close to the meter. In 
the meantime the author’s result rather shakes confidence in the 
coefficients, undoubtedly accurate for the circumstances under 
which they were obtained, but uncertain in some field installations. 
Unfortunately, no suggestion is made as to bow one is to know 
whether or not the Fluid Meters Committee’s coefficients should 
be corrected. The author primarily introduced this matter in 
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the hope that those interested would follow it up. While one 
should always strive toward an ideal layout, as suggested by 
Professor Switzer, he must be governed by practical limitations 
of space and cost. 

Criticism is offered because only one meter was checked, but 
it must be remembered that the paper describes commercial-ac- 
ceptance tests, not laboratory experiments. Since the other 
meters gave no cause for suspicion, they were not checked. The 
efficiencies of the pumps greatly exceeded the guarantees in each 
case, and made a calibration of the meters unnecessary. As a 
matter of fact, there were many difficulties connected with the 
calibration which rather discouraged the author from attempting 
all of the meters. 

Replying to Professor Daugherty, the author admits he should 
have stated that the paper referred to field tests, although it hardly 
seemed necessary. The author’s extensive testing practice evi- 
dently differs from Professor Daugherty’s, for he has scarcely 
ever found a pump of any size without a venturi meter attached; 
it is certainly quite common practice in the East. It has been 
quite usual in the author’s work to use a differential gage across 
the meter, but mercury is nearly always employed in the gage, 
for practical reasons. However, the cooperation of the con- 
tractors and City of Toronto made it possible to use water columns 
directly; this alone presented some problems but the solution 
of them brought its own ample reward. 

The employment of a mercury manometer for heads as high 
as 270 ft is also unusual in field tests and the author believes 
that these refinements produced results of an unusually high 
order. The author can scarcely understand using uncalibrated 
electrical instruments, but his calibration on the entire combina- 
tion of transformers and instruments took care of all errors auto- 
matically. There is no statement in the paper that the author 
accepted the motor efficiencies as given by the manufacturer and 
he has never done so in any of his work where motor performance 
was involved. The paper states that the guarantees in the con- 
tract were made on the over-all performance of the motor and 
pump in each case and the separate performance of each part was 
not required and was not reported on. For this paper, however, 
the author wished to determine the pump efficiency, and he took 
the official test results obtained on the motors by an independent 
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expert, not by the manufacturer; there is no reason whatever to 
question these results. 

There seems to be a suggestion that, because the author em- 
ployed a combination of refinements, each of which had been used 
in laboratories before, there was no improved technique involved, 
which is similar to the contention that a new combination of 
old principles does not constitute a new invention; if such an 
argument is accepted the Patent Office records will be very brief 
and very few inventions will be made. Presumably, if Professor 
Daugherty knew of any other cases where the author’s improved 
technique had been employed in field work, he would have men- 
tioned them. The work represents not only an improved tech- 
nique, but an accurate and inexpensive method of testing; the 
cost of assistants and photographs was only about fifteen 
per cent of what it would have been had direct observers been 
used. 

There are momentary variations in the frequency of the power 
used in practically all supply lines, as the author knows to his 
cost in time and patience, but these do not come into the speed 
calculations of the motors, and the measurement of the slip gives 
a far more accurate value of the speed of the induction motors 
than any other practicable method. 

The discussion by Mr. Jones of errors possible in the photo- 
graphic records is very helpful and a good guide as to precautions 
which must be observed in such work; the numerical results are 
enlightening. The errors he mentions were either corrected for 
or eliminated in the tests described. 

The discussion by Dr. White draws attention to the very high 
efficiency of 93 per cent obtained, a result which does not appear 
to have been exceeded and may at present be regarded as the 
maximum obtained. Although the water was measured by ven- 
turi meter, yet, since the meter had been calibrated volumetrically, 
the measurement was equivalent to a volumetric one. The 
author’s experience is that volumetric measurements of large dis- 
charges in large reservoirs may easily be subject to serious errors, 
and it was found that unusually great care was necessary in the 
meter calibration. The time taken in making such measurements 
would have made the method difficult, if not impossible, in the 
actual tests. The author’s measurements of discharge are as ac- 
curate as volumetric measurements and much more easily made. 
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A Theory of Cavitation Flow in 
Centrifugal-Pump Impellers 


By CALVIN A. GONGWER,' DETROIT, MICH. 


In this paper the present methods of describing pump 
cavitation performance are reviewed from the standpoint 
of the influence of eye design characteristics. From cavi- 
tation plots against three eye parameters, cavitation per- 
formance is related to eye design and the influence of the 
angle of attack of the vane leading edges on the flow is 
studied. Coefficients are derived for the pressure drop due 
to the vanes and shrouds separately. The parameter S 
or suction specific speed is related to the three eye para- 
meters and interpreted as a design parameter. Cavita- 
tion design categories are suggested. The cavitation 
plots show that the discontinuity in the pump-discharge 
characteristic curves is due to a “stall” or separation of 
flow in the eye. A correlation is found between this sepa- 
ration and the angle of attack of the vane leading edges 
and design information is derived. 


NOMENCLATURE 


THE following nomenclature is used in the paper: 
o = 


Hw = 


H 
absolute pump inlet head, less vapor pressure of liquid, 
and inclusive of velocity head 
output head or difference between absolute head at 
pump discharge and absolute head at pump inlet, 
each inclusive of velocity head 


H 
Thoma-Moody cavitation parameter (1) ;? ( = — ) 
H = 


suction specific speed (2); ( 


S = 4 
/4 

N = speed, rpm 

Q = capacity, cfs 


specific speed ; (- Wh 


dimensionless constants in total parameter; 


(ey ( 
29 - 


4 


4 
through-flow index; (- ") 
= acceleration of gravity 
impeller eye diameter as determined at narrowest 

portion of entrance 
radial component of relative velocity 
tangential component of relative velocity 


dimensionless constants in total parameter; 


_ 


1 Junior Engineer, General Motors Research Laboratory; formerly 
Research Assistant, Hydraulic Machinery Laboratory, California 
Institute of Technology. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tu» 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author and not the views 
of the California Institute of Technology staff nor of the Society. 


peripheral-flow index; (- 


8 = angle of attack of vane inlet edges 
aio = vane inlet setting angle 
8. = complement of angle of flow entry; (= arc cot k’C;) 

= constant in parameter ; =D? 60)’ 

240 
(- 
C; = angle of entry index; { = as) 
ND 

K, = inlet-shroud coefficient of pressure drop 
K; = vane-profile coefficient of pressure drop 


angle of attack of vane leading edges at which an 
inferred separation corresponding to a discontinuity 
in chiracteristic curves occurs 


INTRODUCTION 


Nature of Cavitation. The development of cavitation in hy- 
draulic pumps and turbines has been recognized for many years 
as a major disturbing factor which limits operating ranges, 
causes destructive pitting, and decreases the efficiency of. the 
machine. The term cavitation is used loosely to describe the 
formation and violent collapse of vapor or of vapor and gas 
bubbles formed within the liquid, as a consequence of extreme 
reductions in the absolute static pressure. It is supposed that 
this phenomenon influences the head, power, and efficiency of a 
machine through the decrease in effective fluid density, caused 
by the presence of vapor bubbles, and through the shock and 
vibration losses attending the sudden formation and violent 
collapse of the bubbles as they are passed to regions of higher 
static pressure. In addition, cavitation pitting and the erosion 
of passage walls is now widely attributed to the severe mechanical 
hammering and picking action, resulting from this violent col- 
lapse or implosion of the bubbles adjacent to the passage walls. 

Current Cavitation Parameters. To facilitate description of the 
conditions under which cavitation occurred, the Thoma-Moody 
parameter o was proposed (1).? With respect to pumps, sigma 
is defined as the ratio of the absolute inlet head (less the vapor- 
pressure head) to the effective output head 


The convenience of this term obtains from the supposition 
that, for a particular value of sigma, the aggregate state of 
cavitation throughout the pump remains essentially constant, 
provided speed and capacity are varied in the same ratio. Ina 
sense, sigma is the ratio between the excess pressure available 
for resisting cavitation and the square of the wheel velocities, 
as measured by the net head across the pump. The net head, 
through its relation to wheel velocities, may be thought of as 
representing the ability of the blades to tear holes in the liquid, 
whereas, the static portion of the inlet head tends to hold that 
ability in check. 

If the inlet head is reduced while the speed and capacity are 
held constant, experiments demonstrate that the net head de- 
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creases little or none at first, but eventually decays rapidly as 
cavitation becomes general (3). Fig. 1 is typical of the relation- 
ship obtained by reducing the inlet head during a laboratory 
“cavitation run.” 

The application of sigma is clearly limited to a particular de- 
sign. For example, if it is conceded that the primary cavitation 
region is close to the impeller eye, where the lowest static pres- 
sures oppose the underpressures due to acceleration of the 
liquid, as it comes under the influence of the vanes and shrouds, 


|pan= + PER CENT 
H 


6 
fe} 


AT LARGE SUCTION HEAD 


HEAD IN PER CENT OF NET HEAD 


Fic. 1 CoNnvENTIONAL CavITATION PLoT ror Constant N anp Q 


(Haw = total inlet head above vapor pressure; H = net head across pump 
at large inlet head.) 


then for two impellers of the same eye design and at the same 
suction head, speed, and capacity, but with different discharge 
diameters, values of sigma would no longer be the same, although 
the extent of cavitation could be supposed sensibly identical. 
In other words, sigma is not independent of the ratio between 
outside and eye diameters, and is therefore inconvenient for the 
comparison of eye designs. 

G. F. Wislicenus, R. M. Watson, and I. J. Karassik (2), recog- 
nizing the need for a more general expression, proposed the 
“suction specific speed” 


NVQ 


Th but with 


the absolute inlet head above vapor pressure substituted for the 
usual head H, across the pump; WN and Q are the speed and 
capacity, respectively. The suction specific speed thus measures 
the extent of cavitation in different impellers of the same eye 
design, independently of the discharge-to-eye diameter ratio. 
It may be thought of as equivalent to a sigma corrected to terms 
of impellers with a common ratio between discharge and eye 
diameters. 

In general, if critical cavitation or breakdown values of the 
suction specific speed are obtained for impellers of different eye 
designs, that design with the largest values of critical suction 
specific speed in a chosen normal specific-speed region would 
permit operation at the lowest absolute inlet head. In this way, 
values of the critical suction specific speed become an index of 
relative merit for any particular operating specific speed. 

Need for Definitive Study. In the suction specific speed, 
however, there is no way of characterizing the flow and eye 
design conditions which contribute to cavitation. If universal 
relationships between design and flow conditions can be demon- 
strated, then, with empirical corrections, it should be possible 
to use these relationships in interpreting cavitation performance 
of different specific-speed regions in relation to each other and to 
design. 

A detailed investigation of these possibilities is presented in 
this paper in conjunction with suggestions for utilizing the rela- 
tionships developed as guides to improved design. 


analogous to the familiar specific speed N, = 
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THREE PARAMETERS OF CAVITATION 


Assumptions. A logical approach to a basic analysis of the 
cavitation conditions is found by consideration of the general 
case of flow around a submerged streamlined body, such as that 
shown in Fig. 2. From the physical conditions of flow con- 
tinuity, fluid incompressibility, and the conservation of energy 
(Bernoulli’s theorem), streamlines may be drawn which give 
information as to the fluid velocities and, therefore, by the appli- 
cation of Bernoulli’s theorem, the pressures at any point in the 
flow. In short, for the region adjacent to a curved boundary, 


Fig. 2 Arounp A STREAMLINED Bopy 


the streamlines are usually close together, and close spacing of 
the streamlines indicates high velocities and therefore low pres- 
sures. By increasing the angle of attack of the body in Fig. 2, 
the critical region of closely spaced streamlines and underpressure 
is shifted and increased in magnitude in accordance with the flow 
laws stated. These general considerations apply to the flow 
through the impeller and, therefore, definite regions of under- 
pressure which change their position and magnitude with the 
operating conditions may be inferred. These regions may be 
considered liable to cavitation. 

Implicit in the foregoing general statements there are, in 
relation to pumps, certain exclusions and assumptions which 
should be emphasized before proceeding. 

1 It is assumed that the region of the impeller eye is charac- 
terized by the lowest absolute pressures and, hence, is the region 
where critical cavitation conditions are likely to obtain. This 
automatically excludes consideration of disturbances in the cas- 
ing, at tongue or diffuser vane tips, or at the trailing edges of the 
impeller vanes. It thus excludes as well the influence of impeller 
cutting or of changes in the ratio of the discharge to eye di- 
ameters and, therefore, implies that the eye flow pattern is not 
affected by these factors. 

2 The effects of the dissolved gases or other impurities in the 
water are ignored. These factors could alter the effective vapor 
pressure or the distribution of a cavitation zone in relation both 
to space and to inlet pressure, but their influence on the experi- 
mental results to be cited later was probably small. 

3 The effects on the velocity distribution within the impeller 
passage of any secondary circulation induced by rotation are 
neglected. 

4 It is assumed that the flow pattern through any impeller 
passage remains the same regardless of the phase angle of the 
passage as the impeller revolves. This is not strictly correct 
because uneven pressure distributions around the impeller cir- 
cumference, under operating conditions other than the design 
point, accelerate or retard the flow as the impeller rotates. How- 
ever, because of the inertia of the fluid in the passages and the 
high frequency of these disturbing pressure changes, the response 
or velocity variation is probably small. 

For convenience in the subsequent analysis, another assump- 
tion has been made, and may be listed as follows: 

5 The impeller eye diameter is considered to typify, for the 
purpose of defining peripheral velocities, the diameter of the 
imaginary surface of revolution described by the leading edges 
of the impeller vanes. As the diameter of a circular area, it is 
also assumed to define the effective radial entrance area of the 
vane passages. These assumptions are considered justified 
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because this circular area is very close to the vane inlet edges at 
the eye periphery. Since here the peripheral and relative veloci- 
ties are greatest, this can be considered as the critical cavitation 
region. 

The Through-Flow Index, C,. As a corollary to the discussion 
of the general case of flow around streamlined objects, the under- 
pressures may be seen to be proportional to the entering velocity 
head, A measure of the pressure available for resisting cavita- 
tion is the entering pressure head less the vapor pressure. The 
ratio of these two quantities, the entering pressure head less the 
vapor pressure to the entering velocity head, should therefore 
provide a measure, for geometrically similar flow patterns, of 
the proximity of the flow to the cavitation regime. 

The entering velocity is nearly the capacity divided by the eye 

2 
area. The ratio of the heads is therefore, H, + | (38 ) x : | 
xD? 29 
However, since the total inlet head rather than the pressure head 
is more generally considered in pump practice, we will consider 
only the ratio of the total inlet head to the entering velocity 
head. The two ratios are connected by the equation 


(2): 


where k’ is introduced to describe the dimensionless constants 
hereinafter disregarded, C, is the dimensionless parameter, Q is 
the flow in units of volume and time, g is the acceleration of 


gravity, and D is the diameter of the impeller eye. The pa- 
rameter 
H,.D4 
Q? 
will be called the through-flow index of cavitation. 


; 


Fig. VeLociry D1aGRAM oF IMPELLER-VANE LEADING EDGES 


If the flow pattern remains geometrically similar regardless of 
actual velocities, a high value of the through-flow index means 
that the pressure is high relative to the velocity head, and that 
the possibility of cavitation is remote. A low value indicates 
the reverse. 

The Peripheral-Flow Index. By applying this reasoning for 
the general flow case to the case of the impeller eye, it can be 
seen that another velocity may be used as a measure of the 
tendency of the liquid to cavitate. This velocity is the absolute 


velocity of the vanes at the eye periphery and, in accordance with 
ND 
the fifth assumption, is = The derived measure of the 


proximity of the flow to the cavitation regime is, therefore 


mND\* 1 


in which k’’’ again represents the dimensionless constants to be 
ignored, and 


is the dimensionless parameter which it is convenient to retain. 
To signalize its relation to the tangential eye velocity, C; is called 
the peripberal-flow index. The peripheral-flow index is a com- 
panion to the through-flow index and describes the proximity of 
the flow regime to a condition of cavitation. 

Angle-of-Entry Index. The two cavitation parameters now 
derived are measures of the proximity of the flow regime to a 
condition of cavitation only for geometrically similar flows, for 
only in this case are the velocities proportional in magnitude and 
equal in direction. In other words, the validity of the indexes 
as cavitation criteria holds only for one operating point on the 
pump characteristic curves. In Fig. 3 may be seen a simplified 
velocity vector diagram at the impeller eye. In accordance with 
the fifth assumption, the relative through-flow or radial velocity 
component is 4Q + xD? and the relative tangential velocity 
component is 7ND + 60. If the speed is held constant and the 
capacity Q is varied, the resultant relative velocity v, which is 
the vector sum of the through-flow and peripheral velocities, 
changes in direction according to the relationship 


cot 8B, = 


aD? 


As may be seen from Fig. 3, for a given vane setting aio, 8, or 
the angle of attack of the flow on the vanes is defined as 


B = aio — — B,) = aio — tan“! k"C2........ [9] 


It is 8, the angle of attack, which is the criterion of flow simi- 
larity and, since, for a given vane setting, aio, 8 is measured by 
tan~! k”C2, C; is taken as a more useful parameter of flow simi- 
larity. Since C, is the measure of inlet flow angle, it will be 
called the angle-of-entry index. 


EMmpiIRIcAL ANALYSIS OF CAVITATION PERFORMANCE 


Parameters Related to Performance. A procedure for associat- 
ing the three indexes with the intensity or degree of cavitation 
condition in terms of the extent of its influence on pump per- 
formance is indicated by the testing practice of the pump labora- 
tory at the California Institute of Technology. With closed- 
circuit facilities, the pump capacity and speed are held constant 
while the inlet pressure is progressively decreased. Fig. 1 illus- 
trates typically the effect of such inlet-pressure reductions upon 
the net output head of the pump. For the particular speed, 


Fie. 4 Revative ImportaNCE or CAVITATION ON Net Heap 
TWEEN IMPELLERS OF LARGE AND SMALL OuTSIDE DIAMETERS 


capacity, and design tested, the drop in the curve from right to 
left, therefore evaluates the extent of cavitation development in 
terms of pump performance. Two degrees of decay in pump 
performance frequently referred to in the laboratory are the 
“complete breakdown,” where the curve drops vertically, and a 
partial breakdown where the head loss, from some arbitrary 
starting point, is 0.5 per cent. 

In order to divorce the “one half of one per cent” point from 
the variations of volute design and impeller outside-to-eye 


Ke 
ki 
5 
7 
60 a na 
where k” is again the dimensionless constant, and is 240 + +?, and po eg ~ 
Q 
- 
= ) 
= Q 
| 
A B 
60 29 
C sv 6 


32 TRANSACTIONS 


diameter ratio, the author has found it advisable to refer the 
head loss to the head of twice the eye peripheral velocity (2)? + 
2g, where u; is the impeller eye velocity, rVD + 60. This choice 
of reference head is arbitrary and is approximately the head 
corresponding to a ratio of outside-to-eye diameter of 2. In- 
spection of Fig. 4 gives some clue as to the reason for this practice. 
Two impellers A and B, with identical eyes but different outer 
diameters are shown. If the same cavitation degree occurs in 
both, presumably under the same values of the cavitation indexes, 
as represented symbolically by the shaded areas, the resulting 
head drops referred as percentages to the eye velocity heads, 
should be the same. It has been found that this method elimi- 
nates the difference in the total heads from consideration. Hence- 
forth, the “half per cent points” will be those eye operating points 
at which the head loss across the pump in feet AH, referred to 
the head of twice the eye peripheral velocity (2v,)? + 2g, is 0.5 
per cent 


AH 
(2v,)? + 2g 


Presentation of Experimental Data. The utilization of the three 
indexes in describing the complete cavitation characteristics of 
a particular eye design is shown diagrammatically in Figs. 5 and 
6. The two charts, one of C; against C, and the other of C; 
against C2, tell essentially the same story. In plotting the 
charts, the indexes have been evaluated for the complete break- 
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From the nature of the three cavitation indexes, it is possible 
to represent in the general cavitation plots the complete charac- 
teristics of the particular eye design, and regardless of eye 
diameter (scale), speed, or capacity, C: is the same measure of 
flow similarity and C, and C; are the same measures of the cavi- 
tation regime. The general utility of this type of chart is there- 
fore great, particularly for the designer. 

Evaluation of Eye Coefficients From Experimental Data. In 
Equation [9] the expression for the angle of attack @ was derived 


off and the 0.5 per cent point, here labeled the line of cavitation 
inception, for a number of cavitation runs taken, as described, 
at different values of C, over the pump range of capacities. From 
measurements of the vane setting, point A has been found to 
correspond to zero angle of attack of the vane leading edges in 
accordance with Equation [9]. The close spacing of the two 
lines, of cavitation inception and breakoff, at point A corre- 
sponds to a very sharp breakoff in the head as the suction head 
is lowered. The discontinuities at B and C have been found to 
occur for the pumps tested wherever the data have been taken 


over a sufficient range of capacities and will be discussed later. ot T T T 
EXPERIMENTAL CURVES WITH IDEAL CURVE 
In Figs. 7, 8, and 9, actual cavitation data are plotted in this | DEDUCED FROM TWO DIMENSIONAL CASE OF 
form. The first two plots are for several impellers with the same 
eye design and widely differing outside diameters. Since, how- 
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at high suction heads. However, careful inspection of these 2t}—~<= i> a = 
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CENT IDEAL Two DINENSIONNY 
to the scatter for any one impeller and, therefore, the plots have l “G) | 
been considered to represent eye performance only. The im 
portance of this fact is emphasized, particularly in the light of the c=-9, 
ND 


interpretation which is put on point B, Figs. 5 and 6, in the 


discussions which follow. Fic. 9 ImpELteR CAVITATION CHARACTERISTICS 


[ | | IMPELLER OUTSIDE DIAMETER VARIES FROM 
| IN. TO 14% IN. WITH EYE HELD CONSTANT) 

| | | EFFICIENCIES LINES OF CONSTANT 100= 4h 

14 t = PERIPHERAL EYE VELOCITY = = 
AH= HEAD DROP IN FEET 


-f| 
4 4 gore s* AS 
| | | | 
0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 


Fie. 8 Dimensioniess CaviITATION 


} 
% 
| 
| 
ag 
| 
| | | | 
| 
| 
| | Yo PER CENT 
a“ | 
z | | 
| | | | \ 
\ Ye PER CENT whee 
| | | 4 ! 
\ 
i iy 


34 TRANSACTIONS OF THE A.S.M.E. 


by inspection of Fig. 3, in terms of the vane setting aio, and C2, 
the angle-of-entry index. By setting 8 equal to zero in this 
equation, it is seen that the zero angle-of-attack point can be 
represented by the expression 


where Cx is the value of C; corresponding to zero angle of attack 
of the vane leading edges. Therefore, if ai is varied from low 
to high values, by varying the vane setting at the leading edges, 
Cx will also vary from low to high values and point A in Figs. 
5 and 6 will correspondingly move from left to right. However, 
only by taking separate eyes with differing vane settings can this 
variation in Cx be effected. 

In connection with operation at Cx, the pressure drops in the 
eye can be expressed by coefficients pertaining to the particular 
part of the passage in question. For instance, the maximum 
pressure reduction attending the flow around the vane can be 
expressed as a coefficient times the head of the relative velocity, 
v in Fig. 3. To obtain the total maximum underpressure in the 
eye, this vane pressure drop can be added to the pressure drop 
effected by the shrouds in guiding the flow from the axial to the 
radial direction. The latter underpressure, in conventional eyes, 
would logically occur at the suction-side shroud about at the 
junction with the vane leading edges and, hence, the two under- 
pressures are superimposed as a first approximation. 

According to the mechanics of cavitation assumed in the 
development of the parameters C, and C;, the maximum under- 
pressure in the eye equals the pressure of the entering flow at 
the critical cavitation or breakdown point. This can be ex- 
pressed by an equation due to Spannhake and Wislicenus 


where m and n are the shroud and vane coefficients, respectively, 
applied to their corresponding velocity heads; or by adding the 
through-flow velocity head to both sides and substituting for 
v its value from Fig. 3 


2g 2g \wD* 60 


where H.,. is the total absolute suction head above the vapor 
pressure, K, = m + 1 and is the new shroud coefficient, K; = 
n and is the vane coefficient. By dividing by the through-flow 
velocity head, we have 


1 


where k’ and k” are defined in Equations [3] and [7]. The sub- 
script zero is applied to C; to signify the zero angle of attack. 
By inspection of Equation [14], it can be seen that the cavita- 
tion performance at ihe design point Cx, can be calculated from 
the two parameters K, and K:. It thus is advisable to attempt 
to evaluate these coefficients by whatever method possible and, 
barring a rigorous evaluation, to use an approximate one. To 
use a rigorous method, it would be necessary to make several 
impellers with different vane settings C2, but with identical vane 
and shroud profiles and to adjust the values of K, and K; until the 
cavitation performance of all these eyes could be accurately 
described at the design point by Equation [14]. Since this 
method has not been practicable, the less rigorous procedure was 
followed in striking a mean line through the breakoff points of 
all the impellers tested. These varied widely in vane setting 
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and were assumed to vary not too widely in profiles of vanes and 
shrouds so that the mean constants K,; and K; could be evaluated. 
This mean curve is shown as curve B in Fig. 10 with each point 
representing a particular eye with vane setting Cx. The scatter 
is encouragingly small in view of the variety of impellers repre- 
sented. The constants were determined by trial and error until, 
on substitution in Equation [14], curve B obtained. The values 
are 1.4 and 0.085 for K, and Kg, respectively. With these values 
Equation [14] may be written 


1 
= 1.4 + 0.085 E | 


This equation is of practical importance and can be used to 
predict cavitation performance at C2 with the precision allowed 
by the scatter on curve B in Fig. 10. The values of K; and Ky 
are considered to be well within the range expected from the 
nature of the flow around these profiles. 
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A Theoretical Limit Function. Although an empirical analysis 
of the cavitation performance at Cx has been effected without 
much difficulty, the determination of the nature of the break- 
down phenomenon at finite positive or negative angles of attack 
is inherently more difficult because of the interference between 
the vanes. It is desired to derive some sort of theoretical curve 
to approximate the breakoff curves in Figs. 7,8,and 9. Whereas, 
the breakdown case for all the impellers at zero angle of attack 
has been considered, the breakdown curve for a particular 
impeller at all angles of attack will now be investigated. Here, 
the interference effects will involve consideration of a theoretical 
lattice of vanes in a flow, which for simplicity sake will be con- 
sidered two-dimensional. 

Before proceeding, it is necessary to postulate a picture of 
breakdown cavitation at finite angle of attack. Since here the 
head across the pump drops practically to zero, it is reasonable 
to assume that the vanes exert little or no lift on the fluid. This 
is possible only if the fluid breaks completely away from the 
suction side of the vanes and is accelerated in a free jet which 
proceeds along the pressure face to the discharge into the volute. 
This picture has been assumed by Betz and Petersohn (4) and 
considered analogous to the case of a two-dimensional lattice of 
straight, thin vanes of finite width in a rectilinear flow. This 
ideal picture is shown in Fig. 11, where the region on the suction 
side of the vanes contains only vapor at the corresponding low 
absolute pressure. 

This two-dimensional case has been mathematically analyzed 
(4) by means of conformal mapping and the fundamental equa- 
tion results 
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(R + 1/R) cos B + (1/R — R) sin 8 tan Be 
2 


cos (8 — 0) .. [16] 
where 2 is the angle of attack, @ is the angle made by the deflected 
free jets as they emerge from the lattice, with the oncoming 
undisturbed flow direction, R = »;/v, where »; and v2 are the 
undisturbed relative approach and free-jet velocities, respectively, 
and £, is the angle of the oncoming flow with the line joining the 
vane leading edges. These angles can be seen in Fig. 11. 


Fig. 11 Breakpown CaviTATION IN A Two-DIMENSIONAL LATTICE 
In order to use Equation [16], a simplifying assumption must 
first be made in accordance with the large chord-to-gap ratio 
occurring in impellers. It is necessary to assume that for this 
case the free jets of Fig. 11 leave the vanes in a direction parallel 
to the vanes. From the picture it is clear that @ is then equal to 
8 and the left-hand member of Equation [16] is unity. With 
this simplification, values of R as a function of 8 may be deter- 
mined for a particular vane setting aio since Equation [16] 
reduces to 
[17] 
cos (8 + 8,) 

Once R is known, the performance can be calculated by assum- 
ing that the total energy head of the oncoming relative flow is 
converted to velocity at zero pressure head in the free jets. The 
resulting equations are 


4Q\' 
therefore, by substitution 


4Q\*1 11/4Q\?. 


and by transposing and dividing by the through-flow velocity 
head 


1 
= 1+ E + (1/R* — 1)...... [19] 


Thus, given R as a function of 8, and of C;, from Equation 
{17], Equation [19] determines k’C;. The resulting ideal curves 


are plotted in Figs. 7, 8, and 9 as dashed lines. These curves 
fall far below the actual curves since K,; and K2, the vane and 
profile coefficients, have been automatically taken as unity and 
zero, respectively, in this analysis, which is for thin vanes with 
no curvature in the third dimension such as that imposed by the 
shrouds. 

The practical value of the ideal breakoff curves lies in the 
fact that their shape is similar to the empirical break-off curves. 
The sharp upturn at overcapacities, negative values of 8, now 
seems to be due to the severe interference effect of the stagger as 
8 passes from positive to negative. It is felt that this similarity 
in shape justifies the picture of breakdown cavitation assumed in 
Fig. 11. 

It has been attempted to raise the ideal curve to the empirical 
curve by adding the increments due to the difference between 
the actual values of K; and K, and the assumed values, unity and 
zero. While good agreement has been found occasionally, more 
often it has been poor, and it is felt that the assumption of two- 
dimensional flow so limits the analysis that the actual flow 
picture is no more than qualitatively described. 

Compatibility With Aeronautical Experience. In the field of 
aeronautics, it has been found that the interference between the 
wing and the fuselage at the suction side of the wing on low- 
wing planes has necessitated the use of fillets to prevent sepa- 
ration of the flow in the region of the re-entrant angle. This 
separation consists of eddies toward the wing trailing edge. It 
is believed that a similar case is encountered in the impeller eye 
in the re-entrant angle, where the suction side of the blade joins 
the suction shroud at the eye periphery. Here the underpres- 
sures due to the shroud and vane profiles can be thought of as 
augmenting each other. For this reason cavitation would be 
expected to occur first in this interference region. What is 
thought to be the effect of smooth fair fillets can be seen in the 
flatness of the cavitation inception line of Fig. 9, which shows 
test results from an impeller with such fillets. Fig. 7 represents 
an impeller without these fillets and it can be seen that the 
cavitation inception line is very steep near the design point, 
which indicates there are large underpressures at small angles 
of attack. 

That this region of the blade span next to the suction shroud 
at the eye periphery is critical for cavitation is further evidenced 
by the observed fact that aio must be measured as the angle 
made by the vane trace in the suction shroud with the circle of 
revolution, if the measured value of Cx from Equation [9] is to 
correspond with the experimental value of Cx for both cavitation 
and complete breakdown. 

Aeronautical practice can be borrowed further in considering 
the question of sharp or blunt vane leading edges. The frequent 
use by aeronautical engineers of the “teardrop” or blunt-nosed 
profile for fuselage and wing sections for optimum drag charac- 
teristics would at first seem to suggest the use of blunt-nosed 
impeller vanes, particularly since the underpressures on these 
profiles are less sensitive to angle of attack. However, as pre- 
viously suggested in connection with flow around curved bound- 
aries, the higher curvatures induce large local underpressures 
which, from Bernoulli’s theorem, must correspond to high local 
velocities. This proves the undoing of the blunt-nosed profile 
for aeronautical purposes if these local velocities approach that 
of sound through the fluid, for the induced standing sound waves 
bear witness to the inability of the fluid to adjust itself with 
sufficient rapidity to conform with the required flow pattern. 
There is an analogy between the sonic velocity for the airplane 
section and the cavitation velocity, or the velocity corresponding 
to the total absolute suction head, for the pump-vane section. 
It has been observed experimentally that sharp vanes give better 
cavitation performance both for inception and complete break- 
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off, since the cavitation velocity of the total absolute suction 
head is reached at lower suction heads for the sharp vane sections. 


Eyer Desicn From Emptricat Data 


Values of S Related to New Parameters. The parameter S, or 
suction specific speed, as presented by Wislicenus, Watson, and 
Karassik (2) is related to C,, C2, and C; in the following manner: 


1 1 1 


= 7 = C,'/ 

H,,'* Ci 3/4 Cs wh Ci Cs 8/4 
Ge) 


Referring to the locus of eye design points in Fig. 10, we see that 
those impellers to the left correspond to high design S, while 
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those to the right correspond to low values of S. This means 
that low S corresponds to large aio or steep vane settings, and high 
S to flat vane settings, where S is applied to the eye design point 
Cx, as N;, or discharge specific speed, is applied to the pump 
peak efficiency point. 

Using the second of Equations [20], the curves in Fig. 12 can 
be derived from those of Fig. 10. Curve B of Figs. 10 and 12 
is a definite line as may be seen from the relatively small scatter 
of points. Curve A is the author’s recommendation for a con- 
servative design limit and, when applied to the eye design point, 
gives the conditions under which Ah will be less than '/, per cent, 
up to 115 per cent of the design-point capacity. The suction 
heads specified by curve A are conservative by 20 per cent for 
“good eyes and radical by 10 per cent for poor ones. 

Design Example. The curves of Fig. 12 are useful for design 
and performance prediction purposes, as will be illustrated by the 
following example: 

Given design operating conditions: 


Qy = 7 cfs; N = 2000 rpm; H,, = 32 ft abs 


therefore 
2000°/7 


Sy = 
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From curve A for S = 394 in Fig. 12, it is apparent that C, = 
0.0163 and, therefore, the vane setting can be determined from 
Equation [11] 


240 
= 0.0163 = tan ain; aig = 21.5 deg 


The eye diameter can now be determined 


by definition 


= 0.2145; D = 0.598 ft 
2000 X 0.0163 


Suggested Design Categories. Eye conditions can be divided 
into three classes, depending upon the value of S; (a) 360< S< 
430; (b) S < 360; (c) S > 430. For class (a) eyes, it is recom- 
mended that the design be from curve A in Fig. 12, as in the 
example. For class (b) much leeway is allowed in the vane setting 
and eye diameter because of the adequate suction head. For 
class (c), inspection of Figs. 7, 8, and 9 shows that cavitation-free 
operation can be secured up to line B, if Q does not vary far from 
Qy. The problem of design, therefore, becomes one of compro- 
mise among a number of factors to secure the best over-all pump 
performance. In general, it can be said that for severe condi- 
tions the eye vanes should be given a flat setting with consequent 
large eye. However, there is a lower limit to vane setting as 
will be discussed hereafter. The best cavitation performance at 
Qy is secured by making Co = Qy/ND* or 8 = 0, but this does 
not give much overcapacity to the pump as the interference 
between vanes causes the cavitation performance to become very 
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poor for negative values of 8. Therefore, it is usually advisable 


.to have 8 about +1 to 3 deg at Qy. 


Pump PERFORMANCE IN RELATION TO SEPARATION 


Correlation With Empirical Discontinuity. The complete 
cavitation characteristic plots provide an excellent means of 
studying the flow conditions in the impeller entrance passages. 
Certain studies have been made from these plots and will now be 
presented. 

The discontinuities in the cavitation inception lines shown in 
Figs. 5, 6, 7, and 8 can be traced to the pump characteristic 
curves and, in particular, point B of Figs. 5 and 6 corresponds to 
point B’ of Fig. 13, which shows typical characteristic curves 
for a pump with volute-type casing. Experimental confirma- 
tion of this correlation is presented in Fig. 8. This figure, as 
previously explained, represents cavitation tests on a series of 
identical impellers at different outside diameters. Short sections 
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TABLE 1 CRITICAL VALUES FOR IMPELLERS 
Group I - Group II 
Impeller 1 2 3 4 5 6 7 8 9 10 1l 12 13 14 15 16 
Be, deg 1 ee 7.4 yh 7.9 7.5 7.0 7.5 7.0 7.5 8.0 ase 2.5 4.1 3.3 2.8 


of the efficiency curves containing the discontinuities have been 
plotted to the same abscissas. Although, because of an in- 
sufficient number of points, this jump in efficiency is not usually 
noticed in manufacturer’s pump tests, it represents a difference 
of from 1 to 4 per cent. 

Since it has not usually been possible for the designer to 
predict the location of this so-called instability, it seems desirable 
to pursue further this correspondence linking the instability 
with the impeller eye. The location of B’ has been found to be 
independent of volute type and impeller cutting and, since it is 
characterized by a torque change as well as head change, it is 
more conclusively traced to the impeller and to the impeller eye. 

The Mechanics of Separation. From the discussion of the 
excessive underpressures, resulting from the interference between 
the suction side of the vane and the suction shroud, particularly 
at high values of 8, it is reasonable to expect separation of the 
flow at this point. The term separation, as distinct from cavita- 
tion, is applied to the sudden departure of the streamlines from 
a path along the walls and their replacement by dead water or 
back eddies in the intervening space (5). It is generally held 
that separation is a consequence of the presence of insufficient 
energy in the boundary layer to maintain flow against the abrupt 
pressure increases which follow underpressures. It should be 
kept in mind that the foregoing remarks refer to noncavitation 
flow as will the remainder of the argument. 

It therefore follows that the occurrence of this separation is 
accompanied by a large reduction in the underpressures because 
of the reduction in curvature of the streamlines, and therefore 
the cavitation sensitivity is reduced. This is verified by the 
experimental data in Figs. 7 and 8 where a drop in the inception 
lines with decreasing C; occurs at the instability point. 

Since the phenomenon of separation is related to the pressure 
distribution in the flow, which is in turn most conveniently de- 
scribed in terms of angle of attack, in the case of airfoils, it should 
be instructive to evaluate the angles of attack for which the 
separation occurs. This has been done with the aid of Equation 
[9] and Table 1 lists the critical values for all the impellers con- 
sidered. 

There is a striking constancy in angle for all impellers from 1 
through 11 with a sudden radical departure for the impellers 
thereafter. These latter impellers came under the heading of 
“sick pumps” because of the corresponding narrow capacity 
range in which the efficiency is maintained at the higher values. 

It appears that the impellers of the first group are affected by 
an almost identical phenomenon, upon which much light can be 
shed by again borrowing from aeronautical experience. Hov- 
gard (6) describes a premature stall (separation) at the wing- 
root leading edge of some of the more recent airplanes. This 
stall results from interference with the fuselage, and means of 
eliminating it were devised. It was found that the fore-and-aft 
location of the wing was the principal factor. It is believed that 
the instability of the impeller is due to a similar effect, by which 
is meant a stall at the leading edges near the suction shroud. 
If this is the case, the methods of alleviating this condition, 
following the aeronautical case, should consist of flattening the 
setting slightly in the immediate vicinity of the shroud and 
raking the leading edge forward out of the eye. 

It is instructive to conjecture as to the nature of the seemingly 
different separation occurring in the latter group of impellers. 
It can be said of these impellers that the exit vane settings were 
exceptionally flat. This flat setting is believed to have resulted 
in a tendency to separate at the suction shroud independent of 


the vane leading edges. This separation would result in a sheet 
of dead water covering the entire suction shroud. Pitot traverses 
at the impeller discharge, at capacities on either side of the 
instability, have suggested that this might be the case. It can 
be shown that the lift of the vanes tends to rotate this dead water 
from the suction shroud to the suction side of the vanes and thus 
suppress the separation. It is therefore suggested that, in the 
absence of sufficient vane steepness, the low vane lift allows an 
entirely different separation, to control which may be responsible 
for the performance of the second group of impellers. 

With the value of 8. given in group I of Table 1, the author 
has been able to predict the location of the instability point from 
measurements of the eye vane setting. The setting is measured 
at the eye periphery in the separation region. 


GENERALIZATIONS 


Cavitation Study. Several general conclusions may be drawn 
from the cavitation study: 

1 Cavitation performance is a function of eye vane leading- 
edge and shroud profiles and, consequently, the eye cavitation 
performance can be calculated from coefficients characteristic of 
these profiles together with the vane setting angle and eye 
diameter. 

2 The complete cavitation characteristics of an impeller 
eye design can be described in terms of the dimensionless parame- 
ters C;, the through-flow index C2, the angle-of-entry index, 
and C;, the peripheral index. 

3 For optimum cavitation performance, the vane leading 
edges should be sharp and well filleted where they join the 
shrouds. 

4 The term S, the suction specific speed, can be made a de- 
sign parameter by plotting empirical values against C2, as has 
been done in Fig. 12. 

5 The term S stipulates the eye vane angular setting if suc- 
tion conditions are severe, i.e., poor conditions corresponding to 
high S require flat vane settings and large eye, while good condi- 
tions corresponding to small S permit leeway in vane setting. 

Separation Study. The general conclusions which may be 
drawn from the separation study include: 

1 Anassumed eye separation is the cause of the discontinuities 
occurring in the discharge characteristics and this separation is 
of two types (a) a local leading-edge stall adjacent to the suction 
shroud, and (6) a full suction-shroud separation independent of 
the vanes and which is a result of insufficient vane lift (low exit 
vane setting). 

2 Given the eye angle setting, the eye diameter should be 
adjusted, cavitation conditions permitting, to locate the insta- 
bility point entirely out of the operating region. 
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Discussion 


R. W. Ancus.* The material presented in this paper is of 
timely interest and the author has taken a method of analysis of 
the factors affecting cavitation in pump impellers that is most 
constructive. The centrifugal pump has come into very common 
use but, unfortunately, numbers of them cause trouble through 
noise and vibration, at times accompanied by a rapid deteriora- 
tion of the pump. This noise does not necessarily indicate an 
inefficient pump, for some of those with highest efficiency are 
noisy and decidedly objectionable from the standpoint of the 
operator. 

After the pump is installed, the operator is greatly concerned 
with the destructive effect of the noise and, if he is not running 
the pump continuously, he may not be able to tell whether erosion 
is serious or not until after the pump has been paid for. Noise 
is sometimes eliminated by admitting a very small volume of 
air to the suction pipe, and often there is no appreciable loss in 
efficiency thereby. Designers are in need of such studies as out- 
lined in this paper, so they may be sure their pumps will be satis- 
factory. The writer believes, however, that the design of the eye 
is not the sole cause of the trouble, but that the form of casing 
and the design of the inlet passages are also important factors. 

The writer is not clear as to the connection between the curves 
in Figs. 6, 7, 8, and 10 of the paper and would appreciate more 
detail. For example, Fig. 7 gives no definite indication of the 
point B shown in Fig. 5 and, while there is a suggestion of a point 
like B in Fig. 8, it is by no means as distinctly marked as in Fig. 
6. What was the experimental background for suggesting the 
presence of the point B, and why is it suggested in Figs. 5 and 6 
that the curves turn up to the right of A when, in Figs. 7 and 8, 
most of them are pointing downward? 

In Fig. 12 the author does not clearly state his reason for draw- 
ing the curve B in the position shown. Assuming the curve to 
‘be properly placed, the investigation shows how it may be em- 
ployed in design to good advantage. 

The horizontal axis wa of the curves is proportional to the 
square of the specific speed for a given pump, since ND represents 
the linear speed of a point on the impeller and is related to the 
head produced by the latter; Fig. 12 thus relates two specific 
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speeds both connected with the conditions at entry to the im- 
peller. 

The types of curves, shown in Fig. 13, are not uncommon and 
the discontinuities have been noticed by many engineers. Too 
often they have been ascribed to irregularities in the tests them- 
selves, and a smooth curve drawn through the points in such a 
way as to mask these sudden changes of curvature. The writer 
believes that the pump characteristics are very sensitive to the 
actual setting of the pump, and has noticed that pumps not in- 
frequently appear to be quite satisfactory when tested in the 
shops, but show considerable trouble when placed in service, 
even under apparently good suction conditions. Wherever pos- 
sible, the water should enter the pump under some pressure. In 
future investigations, the writer would suggest trying the effect 
of elbows of different radii and set at various angles somewhere 
in the suction line, not necessarily close to the pump. 


G. F. Wisticenvus.‘ In order to understand the paper in its 
relation to other publications in the same field, it seems advisable 
to establish clearly the relation between the coefficients intro- 
duced by this paper and those already in use,® as follows 


Hyg | 
Gongwer C, = C3 = N2p?’ C; = Np? 
Bibliography (2) S, = S, = = 
of paper Cs n 
Reve, 


It can be shown by the methods of dimensional analysis that 
the factor C,, C;, and C; or their equivalent expressions, together 
with the suction specific speed S, are the only independent di- 
mensionless coefficients which can be formed out of the variables 
Q, Hw, N, D. No publication therefore can be expected to in- 
troduce fundamentally new coefficients derived from these basic 
variables. It is rather the better understanding and improved 
application of these fundamental coefficients to which this paper 
presents a valuable contribution. 

The paper seeks to establish design characteristics rather than 
performance characteristics. For the designer, the complete 
coefficients K’ C,, K’’’ C;, and K”’ C; will be more useful than the 
abbreviated coefficients Ci, C, and C3, in particular if the com- 
plete coefficients are expressed as simple head and velocity ratios. 


Putting = = V, (Fig. 3 of paper) and = = Vx (equivalent 
60 xD? 
to V, in Fig. 3) we obtain 


29H ww. 29Hw Ve 


This form has the added advantage of extending the significance 
of the given equations to pumps with their shafts running through 
the eye of the impeller, while the same coefficients and relations 
in the form given in the paper apply to single-suction overhung 
pumps only. 

Equation [13] of the paper permits the derivation of a maxi- 
mum obtainable value of the suction specific speeds S for given 
values of the coefficients K, and K;. An increase in eye diameter 
D for a fixed capacity Q and speed of rotation N will reduce the 
absolute fluid velocity in the eye and, thereby, the first term of 

‘Worthington Pump & Machinery Corporation, Harrison, N. J. 
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Equation [13], while it increases the relative velocity at which 
the water meets the vanes and, thereby, the second term of 
Equation [13]. Obviously, there must be some optimum value 
of D giving the smallest sum of these two terms and, thereby, 
the lowest value for H,,. This is obtained by putting the deriva- 
tive of H,, with respect to D in Equation [13] equal to zero. 
Using K, = 1.4 and K; = 0.085 one obtains for the cavitation 
breakdown of single-suction overhung pumps S,,, = 740, 
(Q in cfs). 

Condensate and process pumps have been operated successfully 
at S values considerably in excess of the maximum value derived 
in this way. Such operation, however, is not free from consider- 
able cavitation, although mostly without harmful effects. This 
condition probably prevents the application of Equations [13] 
and [14] of the paper to these types of pumps. 

The application of the results by Betz and Peterson to the 
cavitation flow in centrifugal pumps is of great interest and the 
qualitative agreement between the theoretical and experimental 
results seems to be much better than could be expected, taking 
into account not only the three-dimensional character of the real 
flow but also the fact that the simplifying assumption @ = 8 is 
questionable because of the rotational character of relative flow 
in radial-flow runners. The sharp break in the theoretical curve 
seems to be in error judging from Equations [17] and [19] and 
from physical reasoning. The quantitive difference, on the other 
hand, seems to be most easily explainable from the thickness of 
the vanes in real pumps. 

The analysis of the relation between instabilities in the pump 
head and efficiency curves and the cavitation performance is be- 
lieved to constitute the most original contribution made by this 
paper. Its importance is not diminished by the fact that the 
practical application of this relation so far may be restricted to 
impellers of the type investigated, so that generalizations of these 
results do not seem to be within immediate reach. It is rather 
the general significance of these investigations with respect to 
the mechanism of the flow inside pump runners which may be 
far-reaching and which, for this reason, will be discussed. 

The writer previously presented a simple theoretical approxi- 
mation for the beginning of separation on impeller vanes. This 
approximation was based on the average deflection of the fluid 
by the vane as a whole (average lift coefficient) and the average 
pressure rise along the vanes, assuming that the flow conditions 
in the boundary layers on impeller vanes are essentially the same 
as those along single aerofoils as tested in the wind tunnel. The 
results of the present paper on the other hand seem to indicate 
that not the average flow conditions but those near the inlet 
edges of the vanes have a predominating influence upon sep- 
aration phenomena in the runner. The most probable reason 
for this discrepancy is the fact that the boundary-layer flow in 
radial-flow pump impellers may differ materially from that ob- 
served on single aerofoils in the wind tunnel. Figs. 14 and 15 of 
this discussion indicate why such a difference in boundary-flow 
conditions is likely to exist. 

Fig. 14 shows separation as observed on a single aerofoil in the 
wind tunnel. The arrows in the zone of separation represent the 
average direction of rotation in the boundary layer after the point 
of separation. Fig. 15 shows the corresponding relative flow 
conditions in a radial-flow pump impeller, assuming that the 
direction of rotation in the separation zone remains the same as 
before. This direction of rotation, however, is opposite to the 
general tendency of relative rotation in radial-flow runners, in- 
dicating that the rotation of the runner tends to suppress separa- 
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tion. This somewhat intuitive reasoning can be confirmed by a 
simple calculation of the influence of the Coriolis forces on the 
boundary flow in radial-flow runners. 

The turbulent shearing stress in a two-dimensional boundary 
layer (such as along an aerofoil in the wind tunnel) usually is ex- 
pressed in the form 


Tt =pX V3’ 4 Vs’ [21] 


where V.’ and V,’ are the turbulent-velocity fluctuation in the 
direction of the fixed boundary z and at right angles to the fixed 
boundary y; p is the mass of the fluid per unit volume. 

The corresponding expression for the turbulent bounda: y layer 
along the vanes of a radial-flow runner was found by the writer 
to be 


vo =» (Ve’ X Ve’ + 20 Ve’ [22] 


where w is the angular velocity of the runner, and / some form 
of a “mixing length’ of the turbulent boundary layer. The new 
term in Equation [22], as compared with Equation [21], repre- 
sents the influence of the Coriolis forces (or relative rotation) on 
the turbulent shearing stress. Since these stresses tend to sup- 
press separation, it is apparent that Equation [22] has the same 
physical meaning as the result previously derived by inspection of 
Figs. 14 and 15. 

If it is assumed that the mixing length / is proportional to the 
distance between the vanes, the previously mentioned discrepancy 
between the results of this paper and earlier results of the writer 
is largely explained, qualitatively confirming the results of the 
present paper. At the same time it becomes clear that investiga- 
tions of this type can be expected to throw considerable light on 
the general problems of flow conditions in hydraulic runners. It 
is, therefore, believed that this paper deserves the most careful 
and serious consideration. 


AvuTHoR’s CLosuRE 


In answer to the questions of Professor Angus concerning the 
difference between the experimental curves of Figs. 7, 8, and 9 
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and the type curves presented in Figs. 5 and 6, it was perhaps not 
made sufficiently clear that the experimental data for any one 
impeller were incomplete. The curves for all the impellers could 
be pieced together qualitatively to show that the type curves of 
Figs. 5 and 6 obtain over the complete capacity or angle of entry 
range. Although the uprise is not shown in Figs. 7 and 8 since 
points are not available at C2. (point A in Figs. 5 and 6) and be- 
yond, in every impeller for which data were available in this region 
the curves turned up as in Figs. 5 and 6. Space considerations 
prevented the presentation of the many curves for which the dis- 
continuity was more noticeable than in Fig. 7. However, a replot 
of these data in Fig. 8 shows the discontinuity and its relationship 
to the efficiency jumps. This correlation between the efficiency 
jumps and cavitation discontinuity was observed in every in- 
stance. 

In Fig. 12 the curve B has been drawn through the experimental 
points shown. Curve A is a rough indication of the maximum 
height of the curves on the plots of the type of Fig. 8 in terms of 
the location of Cx. This latter curve is offered as a qualitative 
aid to the determination of cavitation inception limits. 

The author wishes to emphasize that the horizontal and vertical 
variables in Fig. 12 are not the same quantities. The horizontal 
variable is best thought of as corresponding to the angular vane 
setting at the eye, and is proportional to tan a,, in Fig. 3. The 
vertical variable is the suction specific speed at Cy», or point A in 
Figs. 5 and 6, which is obtained by eliminating the diameter D 
from any two of the coefficients C;, C2, and C;. The data are also 
plotted in Fig. 10 with the ordinate altered from Equations [20]. 

Regarding the effect of casing design on cavitation perform- 
ance, the tests for Figs. 7 and 8 were made with impellers cut from 
14°/,.in. to 127/, in. and used in the same casing. Consequently, 
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the head and capacity of the pump varied over wide limits but 
the eye cavitation performance remained the same within the 
limits of scatter in the figures. The scatter may perhaps be laid 
to this impeller cutting which was in effect a change in casing had 
the impeller remained uncut. 

In regard to the discussion of Dr. Wislicenus, the derivation of 
the maximum value of S to be expected from Equation [13] is 
very enlightening. However, in comparing this derived value 
with practice for condensate pumps, it must be remembered that 
the conditions are stipulated in Equation [13] that operation be 
at C2, the zero-angle-of-attack point. Inspection of Fig. 8 shows 
that, for a given speed and eye, H.,. for breakoff approaches zero 
at shutoff. Consequently, S reaches large values toward shut- 
off since Hs» enters as the three-fourth power in the denominator 
and © as only the one-half power in the numerator. Therefore, 
a pump can be operated at practically infinite S if the capacity is 
low enough. Consequently, this apparent disagreement between 
theory and practice is not real. 

The author feels that the sharp break in the theoretical curves 
of Figs. 7, 8, and 9 is compatible with physical reasoning for the 
two-dimensional-flow picture assumed, but the curvature of the 
actual flow in two additional directions and deviations from a 
rectangular entrance velocity profile would prevent resolution of 
this break in the experimental results. 

The author agrees with Dr. Wislicenus in his interesting discus- 
sion of the effect of Coriolis forces in suppressing separation from 
the impeller vanes. Similar conclusions can be reached by con- 
sidering the increased radial head build-up in a dead water region, 
for backward sloping vanes, which would result in transverse 
pressure gradients tending to force the live water into the separa- 
tion region. 
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Turbulence and Energy Dissipation 


By A. A. KALINSKE,' IOWA CITY, IOWA 


This paper incorporates a study of the origin and dissi- 
pation of turbulence energy which makes possible a better 
understanding of the mechanics of energy losses that are 
introduced by various flow-disturbing devices such as 
expansions, bends, valves, etc. The important parameters 
which characterize turbulence are the root-mean-square 
values of the fluctuating velocity components, the length 
factor proportional to the size of the small eddies re- 
sponsible for the dissipation of energy, and the length 
factor proportional to the average size of the eddies. The 
effect of variation of these parameters on the energy losses 
occurring in turbulent flow are discussed, and also the 
change in these parameters in the decaying turbulence 
beyond turbulence-producing devices is indicated. Data 
are presented showing the variation in the kinetic energy 
of mean flow and the turbulence energy in a 15-deg conical 
divergence. Visual studies of the start of turbulence at 
rounded entrances to smooth conduits seem to indicate 
that there is a regular vortex formation at the boundary, 
and the dispersion of these vortexes into the main fluid 
stream gradually establishes normal turbulent flow. 


frictional resistance of the fluid. The terms “energy loss” 
or “energy dissipation” are used in this paper to describe 
the eventual changing into heat of the energy producing flow. 
Energy dissipation in a continuous fluid for either laminar or 
turbulent flow is due to the action of the viscosity of the fluid, 
and such terms as “shock loss” or “impact loss” do not describe 
correctly how energy losses occur in continuous fluids. 
Hydrodynamics indicates quite definitely how energy is 
dissipated in a fluid in viscous flow. The rate at which energy 
is dissipated in viscous flow can be predicted from a knowledge 
of the flow pattern and the characteristics of the fluid. How- 
ever, this is not the case for turbulent flow. It is ordinarily 
possible by the use of semiempirical formulas to calculate the 
total over-all pressure drop and thus the total rate of energy loss, 
however, we know very little about the mechanics of how this 
energy loss takes place in the turbulent fluid itself. The purpose 
of this paper is to analyze more thoroughly the mechanics of 
energy dissipation in a turbulent fluid, and to relate such analyses 
to various practical hydraulics problems. Liberal use will be 
made of the fundamental ideas regarding the mechanism of 
turbulence which have been put forth by L. Prandtl, G. I. Taylor, 
Th. von Kérmén, and their co-workers. The principles of the 
statistical theory of turbulence will be extended to the practical 
problems of energy dissipation in liquid flow. 


"Tie flow of all real fluids involves energy loss due to the 


FUNDAMENTAL CONCEPTIONS 


In order that the meaning of various terms and expressions 
used in this paper may be clearer they will be defined at this 
stage. 
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When a fluid flows in a straight conduit at distances far enough 
beyond bends or transition sections, so-called normal conditions 
become established. In such a case, the amount and nature 
of turbulence present is unvarying and the shape of the mean- 
velocity distribution remains constant. For this condition of 
flow, the rate of creation of turbulence is in equilibrium with its 
rate of dissipation. The kinetic energy of mean flow per pound 
of fluid flowing is ordinarily designated as U,,2/2g, where U,, is 
the mean velocity in the cross section. The total kinetic energy 
of the mean flow is then equal to QyU,,2/2g where Q is the dis- 
charge and y is the specific weight. Because of the variation 
in mean velocity, all particles of fluid passing any section do not 
have the same kinetic energy, therefore the foregoing expression 
can only be exactly correct for uniform velocity distribution. 
For a circular cross section, the correct expression for the total 
kinetic energy of mean flow is 


unit density of fluid 

distance from center 

radius of cross section 

U = mean velocity with respect to time at point y 


where 


In true turbulent flow, the velocity at a point varies irregularly 
with time in direction and magnitude. However,in vortex motion, 
as for example in the von Kaérm4n vortex street produced beyond 
a body immersed in a flowing fluid, the variation in the velocity 
vector with time is quite regular. Whenever the term “turbu- 
lence” is used it will refer to a condition of flow where there is no 
regularity in the variation of the direction and magnitude of the 
velocity vector, except in the probability sense. It is convenient 
to designate the velocity vector at any instant by the com- 
ponents U, V, and W along the z, y, and z axes, respectively. 
The z axis is in the direction of mean flow, the y axis is normal 
to the mean flow, and the z axis is the other normal axis. 

The kinetic energy per pound of fluid at any instant is actually 
equal to U?/2g. Separate the fluctuating component U into two 
parts, such that U = U + u, where u is the fluctuating part. 
Obviously, @ = 0; (the bar indicating an arithmetic mean). 
Thus the mean kinetic energy is in reality equal to (U + u)?/2g 
or to (U? + u®)/2g and the part u?/2g is called the kinetic energy 
of turbulence. Therefore, the total kinetic energy due to the 
turbulence per pound of fluid will be 


The total kinetic energy of turbulence for the fluid flowing in a 
circular conduit will then be 


E, = xp + + [3] 


Another important fundamental idea is the concept of shear 
in a moving fluid. For viscous flow the shear per unit area at 
any point is equal to udU/dy, or the product of the coefficient of 
viscosity and the velocity gradient. The mean shear in a tur- 
bulent fluid is equal to 


The term « is the so-called diffusion coefficient having the dimen- 
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sions of a velocity times a length, and a good physical inter- 
pretation of ¢ is given by Bakhmeteff (1).? In fully developed 
turbulent flow, except near a smooth boundary, the coefficient 
pe is many times greater than yu, thus the first term in Equation 
[4] becomes quite small compared to the second term. 

The rate at which potential or pressure energy is used in pro- 
ducing flow is equal to r(dU//dy) in foot-pounds per unit volume 
of fluid. For viscous flow this becomes »(dU/dy)*, and repre- 
sents the rate at which the energy producing flow is dissipated 
into heat at any point in a fluid. In fully developed turbulent 
flow, since the mean shear stress is not influenced by viscosity, 
the quantity r(dU/dy) represents the rate at which the pressure- 
energy producing flow is transformed into turbulence energy. 
The turbulence energy is then dissipated into heat by the action 
of viscosity on the small eddies. However, energy of turbulence 
is not necessarily dissipated at the point where it is created; 
it can and is diffused by the mixing action of the turbulence 
For instance in a uniform conduit, the term r(dU/dy) is greatest 
near the boundaries and is zero at the center. The energy of 
turbulence produced at the boundaries is in part diffused to the 
center of the conduit and dissipated there. Of course it should 
be remembered that, in nonchanging uniform flow, the total rate 
at which energy of turbulence is created is equal to the rate of 
dissipation of this energy by the action of viscosity. 


ENERGY CONSIDERATIONS FOR IsoTROPIC TURBULENCE 


Because of the complexity of the turbulence mechanism, any 
theoretical considerations must start with the simplest condi- 
tions. One of the types of turbulence that has received exten- 
sive consideration by physicists interested in wind-tunnel turbu- 
lence phenomena is that referred to as isotropic turbulence. 
This type of turbulence is such that (a) the mean values of 
squares and products of the fluctuating velocity components, 


2 
such as py? and wp, and their derivatives, such as (=) and 


(= >) are independent of the location of the point observed, 


and (b) the same mean values are obtained if the axes of refer- 
ence are rotated or reflected. Fluids having isotropic turbulence 
can have no mean shear or mean-pressure gradient, that is, 
dU/dy = 0, dU/dz = 0, ete. 

In practical hydraulics, isotropic turbulence is hardly ever 
attained; however, it is sometimes approached. The turbulence 
in the center of closed conduits is nearly isotropic; also, the 
turbulence formed downstream from various turbulence-produc- 
ing devices such as screens, grids, expansions, and flow-control 
apparatus tends to approach isotropy at times. As G. I. Taylor 
remarks, “there is a strong tendency to isotropy in turbulent 
motion.” A study of the energy dissipation characteristics of 
isotropic turbulence may throw considerable light on the more 
complicated turbulence obtained in many practical hydraulics 
problems. 

The intensity of turbulence is usually designated by the ratios 
V2/T, and and for isotropic turbulence 
these are all equal. Investigations by Dryden (2) and others re- 
veal that these ratios at any point beyond any particular turbu- 
lence-producing device tend to be independent of the meanvelocity. 
This relationship also appears to hold for nonisotropic turbulence 
at high Reynolds numbers. The decrease in the intensity of 
the turbulence beyond screens and grids in wind tunnels, or 
the decay of the turbulence, has been studied quite extensively 
both theoretically and experimentally by Taylor (3), von Ké4r- 
m&n (4), and Dryden (2). 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Lamb (5) shows that the general equation for the rate of dissi- 
pation of energy per unit volume in a viscous fluid is 


ou \? OV \? ow oV ou\? 

ow ov \? ou ow \? 

+(e 


In isotropic turbulence U, V, and W can be replaced by uy, », 
and w. Taylor simplifies Equation [5] by demonstrating the 
interrelationship existing between the various mean squares 
and mean products of the velocity gradients, and obtains 


ou \? 
K = 7.54 (=) [6] 
oy 
2 2 
Instead of ~ the term = can be used, since both are 
oy or 
equal in isotropic turbulence. In order that a better conception 
2 
might be had of a term such as (2) Taylor showed that 
y 
du\? 2p? 
y 


where A is a length proportional to the small eddies present since 
they are primarily responsible for the dissipation of the turbu- 
lence energy. Possible methods of experimentally determining 
v? and \ were discussed by the author in a previous paper (6). 

The mechanism by which the small eddies are produced from 
the larger ones is a fundamental problem of turbulence about 
which little is known. It is these small eddies, referred to some- 
times as the microturbulence, which are largely responsible for 
the high rate of energy dissipation associated with turbulent 
flow. 

The scale of the turbulence, Z, which is important in regard 
to the diffusive action of the turbulence, is proportional to the 


average size of the eddies. The product V v?L is proportional 
to the transverse diffusion coefficient «, as used in Equation [4]. 
As the turbulence created by some obstruction in a fluid stream 
is dissipated downstream, a change in the length factors \ and 
L takes place which is a characteristic phenomenon of decaying 
turbulence. Qualitative visual observations of the turbulence 
in water streams beyond grids, throttled valves, sudden expan- 
sions, etc., seem to indicate that the average size of the eddies 
tends to increase as the turbulence is dissipated. 

The internal stresses in turbulent flow are proportional to the 
product of the density and the mean square of the fluctuating 
velocities such as pu*. Any such force will then dissipate energy 
at a rate proportional to the product of the force and the asso- 
ciated velocity, thus, p(u’)’, where u’ = ~/x3. The total area 
on which these forces act will be proportional to the square of 
the scale of the eddy system, or to L?, and the rate of dissipa- 

‘\3 
For 
isotropic turbulence, this quantity should then be proportional 
to the rate of energy dissipation given by Equation [6]. The 
following proportionality can then be written 


tion per unit volume will then be proportional to 


- = vy = kinematic viscosity 
p 


The terms under the radical in Equation [8] have been referred 
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to as a Reynolds number of turbulence. In decaying turbulence, 
certain early experiments in wind tunnels seemed to indicate 
that the length factor L tended to remain constant for a con- 
siderable distance downstream from the turbulence-producing 
grid. However, later experiments and analyses indicate that 
L increases as the dissipation progresses, and also it appears 
that \ increases faster than L. The value of Va decreases 
practically hyperbolically with the distance from the turbulence- 


producing device. Since the term VV u? decreases and increases, 
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the rate of dissipation of the turbulence energy continually de- 
creases. In Fig. 1 is shown a plotting of some data obtained by 
Dryden (2) and his co-workers in regard to the decay of tur- 
bulence and the increase of the scale factor L beyond a '!/,-in- 
mesh screen in a wind tunnel. The term ZL was defined as 


£ ” R,dy, where R, is the correlation coefficient, =, The 
u 


terms u and wu, are the simultaneous velocities at two points a 
distance y apart. 


Some APPLICATIONS OF FOREGOING CONCEPTIONS 


The use of some of the ideas relating to energy of turbulence, 
particularly its creation and dissipation, gives an insight into 
many practical fluid-flow problems. Probably the simplest form 
of turbulent flow is that of uniform, steady flow in a closed 
conduit; yet there is much that we do not understand regarding 
the mechanism of the dissipation of energy in such a simple case 
of fluid flow. If the pressure drop is known, the average bound- 
ary and internal shear can be accurately determined, particularly 
for a simple conduit such as one having a circular cross section, 
or a wide rectangular one where the end effects are negligible. 
Knowing the shear and the distribution of mean velocity, the 
rate at which pressure energy is converted into turbulence 
energy per unit volume is equal to rdU/dy (assuming fully 
developed turbulent flow). For a two-dimensional. conduit of 
width 2b, the shear varies linearly from the value 7» at the wall 
to zero at the center, and we have for this rate of energy con- 
version 


Taylor (3) presents some interesting calculations on the 
variation of this quantity and the rate of turbulence energy 
dissipation as calculated from Equation [6] for the dissipation 
of isotropic turbulence. The calculated values are shown in 


Fig. 2. The general variation of the rate of pressure-energy 
conversion, as given by Equation [9], and the rate of dissipation 
of the energy of turbulence seems to be consistent. Of course, 
the dissipation formula cannot be accurate near the wall, since 
isotropy is not approximated in this region. Very near the 
wall, especially in the boundary layer, much of the pressure 
energy is converted into heat directly without passing through 
the intermediate stage of turbulent energy. 

The total rate of energy dissipation from the center of this 
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rectangular conduit to some distance y from the center is equal 
to (Equations [6] and [7]) 


The rate of pressure-energy conversion in the same region is 
equal to 


These two quantities are plotted in Fig. 3 and it is to be noted 
that the rate of transformation of pressure energy into turbulence 
energy in the entire center region is less than the rate of turbu- 
lence-energy dissipation. This again indicates that a large part 
of the energy of turbulence is created near the boundaries and 
diffuses into the main portion of the stream. 

Another problem which it is interesting to analyze in the light 
of the ideas relating to turbulence and energy dissipation is that 
of the prevention of high velocities in conduits having steep 
hydraulic gradients. This is of practical importance in the 
design of fishpasses and the design of closed conduits where the 
velocity must be reduced for some reason and the cross section 
of flow kept relatively large. Taking the case of a circular con- 
duit, the total rate of energy dissipation per unit time is equal 
to Qy(h/L), where vy is the unit fluid weight, Q the discharge, 
and h/L the loss of pressure head per unit length of conduit. 
It has been shown previously that this total rate of energy dissi- 
pation can be calculated also by integrating over the cross section 
the rate of pressure-energy conversion per unit volume of fluid. 
Thus there is obtained the relation 


o dy 


For rough conduits and fully developed turbulent flow the mean 
shear + will be determined practically entirely by the charac- 
teristics of the turbulence, primarily by the value of the mixing 
coefficient «, since r = pedU/dy. For a given cross section and 
given friction slope, if we desire to reduce the mean velocity, 
the total rate of energy dissipation must be reduced. Offhand, 
it might appear that, to reduce the rate of energy dissipation, 
the amount of turbulence should be reduced. This problem will 
be clearer if for the moment we replace the coefficient of tur- 
bulent diffusion, «, by the viscosity coefficient and imagine we 
are dealing with viscous flow. Obviously, to reduce the velocity 
of viscous flow for a given cross section and pressure drop, the 
viscosity must be increased. Therefore, it is logical that, for 
the case of fully developed turbulent flow, the value of « should 
be increased, thus obtaining more intense mixing. For a con- 
stant cross-sectional area, or depth of open channel and constant 
hydraulic gradient, the mean shear remains the same, therefore, 


any increase in e must result in a decrease in ra Since accord- 


ing to Equation [12] the rate of energy dissipation is propor- 
tional to « and to (dU/dy)?, it is apparent that an increase in 
will result in a decrease in the mean velocity. The value of ¢« can 
be effectively increased by the installation of specially designed 
obstacles along the conduit walls so as to produce discontinuities 
in the flow which will result in the creation of large eddies, thus 
producing. intense mixing between the liquid at the walls and 
that in the center of the conduit. 

Referring to Equations [6] and [7], which give the rate of 
turbulence-energy dissipation, it is noted that this rate is de- 
creased by increasing the scale of the turbulence and by de- 
creasing the velocity fluctuations. Of course, the rate of energy 
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dissipation as given by Equation [12] must be the same as the 
rate of dissipation of the energy of turbulence by viscosity. 
However, since the turbulence is not isotropic, all that can be 
said is that the expression for isotropic-turbulence dissipation 
indicates the manner in which the various parameters describing 
the turbulence affect the energy dissipation. It is thus apparent 
that to decrease the rate of energy dissipation, which in the 
problem under consideration, means to reduce the mean velocity, 
eddies of large scale instead of large vorticity should be created. 

Beyond bends, valves, transition sections, etc., a considerable 
amount of the energy producing flow is converted into energy 
of turbulence, which gradually dissipates downstream. This 
turbulence accounts for a major part of the pressure loss pro- 
duced by any of the aforementioned apparatus. Ordinarily this 
energy of turbulence causes no other particular difficulty; how- 
ever, there are some instances where it may create additional 
troubles. If a stream of water containing a considerable amount 
of turbulence energy is used for some purpose such as in a diffuser 
to convert part of the velocity energy into pressure energy, in- 
efficient conversion will result. It has been shown, for instance, 
that the operation of various water-using equipment, such as 
closet-bowls and other plumbing equipment, can be improved if 
valves and other flow-disturbing apparatus are located suffi- 
ciently far away from the water-using apparatus so that the 
turbulence energy created has time to dissipate. 

Solid streams of water passing through the atmosphere must 
be free of large intense turbulence eddies, otherwise the stream 
will spread and not remain solid. The importance of this par- 
ticular item was demonstrated by Quick (7) in regard to the 
efficiency of impulse turbines. Fittings, valves, etc., upstream 
from the turbine nozzle introduce excess turbulence and, unless 
this turbulence energy is dissipated, it will appear in the jet 
issuing from the nozzle, causing spreading of the jet and de- 
creasing the power it supplies to the wheel. In this connection, 
an item of importance is that, in a contracting stream such as 
in a nozzle, the longitudinal components of the turbulence are 
reduced considerably, while the transverse components are not, 
and may in fact increase (8). 

In tests of apparatus such as valves, diffusers, bends, etc., 
varying the degree of turbulence in the approaching fluid is 
many times desirable and of interest, especially if flow separation 
occurs. It has been demonstrated that in many flow phenomena 
an increase in the energy of turbulence produces effects quite 
similar to an increase in Reynolds number. This fact has been 
applied in studying the transition of the boundary layer from 
viscous to turbulent flow in wind-tunnel experiments. An in- 
crease in Reynolds’ number or an increase in the turbulence 
causes the transition to occur nearer the leading edge. 

Kerr in his discussion of Quick’s paper (7) on impulse turbines 
brings out the interesting fact that he was able to correlate field 
and laboratory tests better by iritroducing artificial turbulence 
in the approach conduits. The intensity of the turbulence is 
the parameter that has the most influence in altering flow char- 
acteristics past solid boundaries, however, Taylor (9) has shown 
that the scale factor of the turbulence does have some influence. 
An increase in the scale factor produces an effect opposite to that 
produced by an increase in the intensity. However, the relative 
effect of a change in scale is much less than the effect of a change 
in the intensity. 

In general, preliminary investigations seem to indicate that 
the effect of turbulence in the approaching fluid on the energy 
loss through any flow-control apparatus or device is far from 
negligible. Turbulence is another property of the flow which 
must be controlled and its effect understood, if accurate correla- 
tion of test data, especially model-test results, is to be ob- 
tained. 


VA 

j 

cal 
sou 
RAG 
pe et 

~ 


KALINSKE—TURBULENCE AND ENERGY DISSIPATION 45 


ENERGY OF TURBULENCE IN A DIVERGING CoNDUIT 


Most of the energy lost in diverging conduits of greater total 
angle than about 4 deg is lost because of the creation of an extra 
amount of turbulence. Part of the kinetic energy of mean flow 
in the smaller conduit is converted into turbulence energy which 
is gradually dissipated downstream. Gibson (10), Peters (11), 
and others have shown that in general the efficiency of the con- 
version of the kinetic energy into pressure energy is least for a 
total angle of divergence of some 60 deg and that, at an angle 
of 40 deg, the efficiency of conversion is about identical to that 
at 180 deg, or sudden expansion. Depending upon the angle 
of divergence and the Reynolds number, separation may occur 
with the resultant backflow along the diverging boundary. 

A study has been made by the author under the sponsorship 
of the American Society of Civil Engineers’ Hydraulic Research 
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Committee relating to the mechanism of the energy changes 
that take place in diverging conical conduits. By use of a 
special technique (12), streaks formed by immiscible particles 
suspended in the water were obtained on motion-picture film. 
From the length and direction of these streaks, the longitudinal 
and transverse components of the velocity vector at various 
points in the fluid could be determined; from these it was possi- 
ble to calculate at any point the mean velocity U and the 


parameters Via and V v2. The total kinetic energy of mean 
flow and the total turbulence energy, as given by Equations [1] 
and [3], could then be calculated at various sections in the 
expansion and beyond it. In calculating the turbulence energy, 
the transverse component v was assumed equal to w; this should 
be quite true in the central portion of the conduit, however, it 
does not hold near the boundary. 

In Fig. 4 are shown typical data obtained on the energy changes 
in a 15-deg (total angle) expansion from a 3-in. to a 5-in. pipe. 
Though the absolute magnitude of the energy of turbulence 
may not be quite exact, nevertheless, its variation should be 
correct. 

Note that the value of the energy of turbulence increases until 
the end of the expansion, remains practically constant for some 
distance, and then gradually decreases. Data were not obtained 
a sufficient distance downstream to indicate that normal con- 
ditions had been established, however, it is to be noted that the 
value of the total kinetic energy of mean flow was not changing 
very much after a distance of 2 ft beyond the start of the expan- 
sion. 

The discharge for the data shown in Fig. 4 was 0.082 cfs, 


which gave a velocity of 1.67 fps in the 3-in. and 0.6 fps in the 
5-in. conduit. No separation of flow appeared to occur in the 
expansion, probably due to the low Reynolds number. It is to 
be noted that, in the expansion and for some distance in the 
large conduit, the value of EZ,, is considerably greater than the 
value of the total kinetic energy of mean flow computed, using 
the average velocity in the cross section, which will be referred 


to as E,,’ and is equal to QyU'/2g. In fact, just at the end of 
the expansion, the value of Z,, is almost three times as great 
as the value of Z,,’. At a distance of 2.5 ft beyond the start 
of the expansion, the ratio E,,/E,,’ is still 1.3. 

It is of interest to note that the total turbulence energy reaches 
a maximum value of 28 per cent of the kinetic energy of mean 
flow at a distance of about 10 in. beyond the end of the expan- 
sion, thus indicating that the relative intensity of the turbulence 
is greatest at that point. The ratio of E; to Em in the straight 
3-in. conduit is only about 3 per cent. 

The investigation outlined illustrates the possibility of making 
a study of the internal energy changes that take place in turbulent 
fluids when such fluids pass through apparatus causing a dissipa- 
tion of energy due to the creation of an extra amount of energy 
of turbulence. Other flow-controlling and regulating equipment 
can be studied in a similar fashion. The acquisition of such data 
for various apparatus under different conditions would give the 
designing hydraulic engineer a better picture of exactly what is 
occurring at any point in the flowing fluid. 

Regarding the study of flow in expanding conduits, mention 
should be made of the distribution of the turbulence energy in 
any cross section. In the very beginning of the expansion, most 
of the turbulence energy was concentrated in a layer a short 
distance from the wall. This seemed to be the place of greatest 
shear with the result that most of the excess turbulence was 
created in this layer. Farther downstream in the expansion, 
this region of maximum shear stress moved toward the center 
of the conduit, with a result that the turbulence became more 
uniformly distributed. The variation of shearing stress across 
a section of a diffuser has been studied by Schultz-Grunow (13), 
who showed that the maximum shear stress does occur in the 
interior of the fluid. 

Delaying of separation in a diffuser, and thus causing a de- 
crease in the energy of turbulence created, can be achieved to a 
certain extent by the inducing of spiral motion in the fluid 
entering a diffuser. Such spiral motion tends to cause the flow 
to follow the boundaries for higher mean velocities than it 
otherwise would. This was experimentally demonstrated by 
Peters (11). 


CONCERNING THE ORIGIN OF TURBULENCE 


In practical hydraulics problems, the dissipation of potential 
energy or kinetic energy is, in the final analysis, a problem 
associated with the turbulence characteristics. In various 
hydraulic structures and apparatus, the shape of flow passages 
may be such as to produce regions of high internal shear, thus 
causing the creation of large amounts of energy of turbulence. 
A study of the origin and dissipation of this energy is possible 
and highly profitable. However, the main difficulty at present 
in any such study is the lack of efficient methods of measuring 
quantities such as the intensity and scale of the turbulence. 
To date the hot-wire anemometer has become practically a 
standard apparatus for obtaining turbulence measurements in 
air streams, however, its use in water has not been very successful. 
Photographic methods are being used in water and though the 
data obtained appear reliable and the necessary equipment is 
inexpensive, the time consumed in making analyses from motion 
pictures is somewhat excessive. The general method of obtain- 
ing the necessary data is to take motion pictures of thin color 
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streams or of immiscible droplets suspended in the flowing water. 

There are many fundamental problems relating to the turbu- 
lence mechanism which merit study and such studies should help 
clear up many indefinite and obscure points. Probably one of 
the most interesting of these problems is that of the “origin of 
turbulence.” In the regions where the turbulent flow is fully 
developed, it becomes difficult to obtain any idea of where and 
how the vortexes or eddies really originate. It appears that in 
hydraulically smooth conduits there is a sort of surface of dis- 
continuity near the boundary, the “rolling up’”’ of which results 
in vortex formation. This vortex formation at a boundary 
should take place according to a strict physical law. However, 
as these vortexes depart from the wall and enter the main part 
of the fluid, their individual behavior from then on is unpre- 
dictable. In rough conduits, if the roughness protuberances 
project up through the laminar boundary layer, each such pro- 
jection must of course shed vortexes, probably in a fairly regular 
manner, and these are also dispersed into the main stream by 
the diffusive action of the turbulence. 

In a uniform conduit, where an unchanging velocity distribu- 
tion has been established, there is, of course, a statistical equi- 
librium between the creation of the vortexes and their dissipation 
in the main body of the fluid. At rounded entrances to smooth 
pipes, the formation of these vortexes at the boundaries is easily 
observable by the injection of a stream of color near the boundary. 
A sort of vortex trail is developed which gradually breaks up 
and disperses downstream, thus establishing normal turbulent 
flow. 

Schiller (14) has made a very significant application of this 
observed phenomenon. He noted that the resistance to flow in 
the region of fully developed turbulence was essentially the same 
as in the region of the vortex trail near the entrance. From the 
arrangement and intensity of the vortexes, as revealed from a 
photographic study, it was possible to calculate their energy and 
dissipation. The dissipation of energy calculated using the 
vortex data agreed fairly well with the energy dissipation calcu- 
lated from the measured resistance. Thus, the conclusion is 
reached that the dynamics of a turbulent flow can be calculated 
from the vortex trail from which it develops. Perhaps it will be 
studies of this character which will reveal the true physical 
nature of turbulence and make possible a better quantitative 
description of its characteristics. 

Though hydraulic engineers may not be directly interested in 
such fundamental investigations regarding the dynamics of tur- 
bulence, nevertheless it should appear quite evident that such 
information has much practical value. In general, any future 
increase in the efficiencies of turbines, pumps, various fluid-flow- 
control apparatus, diffusers, etc., will necessarily be of relatively 
small magnitude. However, to obtain such increases it will be 
necessary to study and understand the inner mechanics of tur- 
bulent fluid flow more thoroughly. Though the problems are 
extremely complex, the advances made in the last few years are 
promising, and it is hoped that with increasing interest in this 
subject our knowledge will develop rapidly. 
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Discussion 


B. A. Bakumeterr.* It would seem that future progress in 
practical hydraulics largely depends upon the understanding and 
mastery of “turbulence.”’ Until recently, knowledge of turbulence 
has been most rudimentary and then grossly empirical. One is 
greatly indebted therefore to the author for his efforts to present 
the latest attainments of the theory in their possible relation to 
hydraulical problems. 

Contributions of the type, illustrated in Fig. 4 of the paper 
and revealing the inside-energy course in an expanding con- 
duit, are particularly welcome. Detailed quantitative observa- 
tions of the inner mechanism of turbulence are extremely difficult 
and for that reason more than scarce. The author has perfected 
a novel technique and with its use has disclosed important and 
valuable facts. It is earnestly hoped that the author will per- 
severe in his experimental explorations because the gathering of 
systematic factual material which, in an unmistakable manner, 
would elucidate the physical aspects of the turbulent process in 
all its stages, is the most important and urgent step for research 
to fulfill. 

Present-day turbulent theory, in itself a remarkable and daring 
mathematical venture, in many respects has outdistanced direct 
experimental knowledge of turbulent phenomena. Many of the 
theoretical concepts and premises are still in a hypothetical and 
contestable stage. Indeed nothing could benefit and spur theo- 
retical advance more than a solid background of indisputable facts. 

The necessity for probing theoretical concepts is not limited to 
the latest advances of turbulent theory. Indeed the gulf between 
mathematical analysis and physical reality has been a lifelong 
feature in the realm of hydromechanics. A surprising example is 
offered by the traditional chain of reasoning dealing with dissipa- 
tion of energy in viscous flow, the concluding link of which is 
presented by Equation [5] of the paper. The general treatment, 
typified by the presentation in Lamb’s classical treatise,‘ has 


3 Professor of Civil Engineering, Columbia University, New York, 
N. Y. Mem. A.S.M.E. 
‘ Bibliography (5) of paper, paragraph 329, p. 579. 


| 
NE 
| 
| 
y 
2; 
= 
| 


KALINSKE—TURBULENCE AND ENERGY DISSIPATION 47 


never been questioned. The fact is, nevertheless, that when 
probed against the simplest practical cases, such as uniform 
laminar motion in pipes or between parallel plates, the reasoning 
leads to most unexpected and baffling conclusions, which only 
indicate that the initial premises underlying the analysis require 
attentive and constructive scrutiny. 

The writer is especially interested in the closing part of the 
paper, dealing with the “origin of turbulence.’”’ He recalls dis- 
cussing this rather evasive and controversial subject with the 
author and is happy to subscribe and support the views adhered 
to by him. From a practical point of view, two basic forms in 
which turbulent energy is engendered and subsequently dissipated, 
should be differentiated. The one, featured by Fig. 4 of the paper 
is typical of so-called “local hydraulic resistances’? and can be 
appropriately termed “episodic turbulence,” in contrast to “‘estab- 
lished turbulence” as typified by uniform pipe or channel mot on. 

“Episodic turbulence,” being the source of so called “local 
losses,” arises from concentrated turbulence-engendering activi- 
ties which accompany brusque changes of flow forms (retardation 
or deflection). The process is especially enhanced by “‘separa- 
tion.” In fact both observation and theory® are in substantial 
accord regarding the way by which eddies are generated in the 
“free” discontinuity (separation) sheets inside fluids, as in the in- 
stance of submerged efflux from an orifice or in the wakes back of 
immersed blunt solids. The eddy-engendering activity is ascribed 
to the inherent instability of such “free” discontinuity sheets sub- 
jected to excessive stress. Similar to columns or thin plates, 
which buckle under excessive load, these separation sheets cease 
to conserve stability of form and, as the author points out, curl 
up into regular chains of individual eddies. The next stage is 
for these eddies to be “‘cast off’’ into the neighboring streaming, 
where they swarm in an unpredictable and random fashion, such 
irregular eddy motion constituting the physical essence of tur- 
bulence. 

No direct visual testimony is available so far regarding the 
engendering of eddies near the walls of a smooth conduit in estab- 
lished turbulent flow. Indirect evidence amply indicates, never- 
theless, that the process in essence may not be dissimilar to what 
takes place in a separation surface inside a fluid. The wall sur- 
face naturally restricts crosswise deformation. Hence a certain 
transversal latitude is required before the inherent instability, 
pertinent to the sheets of the highly stressed boundary layer, 
can assert itself. This transversal latitude is exemplified by the 


critical boundary-layer thickness 6,, = X (where = 
6 


kinematic viscosity; U, = border velocity of stream), which quali- 
fies ‘‘transition’”’ from laminar flow to turbulent. The origin of tur- 
bulence in “‘established”’ flow reverts thus to the boundary-friction 
zone which, in the process of expansion, reaches the critical stage 
and assumes at the outskirts of the laminar sublayer the role of a 
special eddy-generating region. Cast off into the central parts 
of the streaming, these eddies in their gradual spreading impose 
an appropriate turbulent pattern on the flow as a whole. 


Hunter Rovse.* Fluid turbulence and its accompanying 
problems have been approached, so to speak, by the process of 
successive approximation. Long ago it was considered sufficient 
to take the effects of turbulence into account by means of a single 
coefficient, empirically determined for the boundary conditions 
in question. With the advent of more rigorous thought, attention 
was given to the analysis of turbulent flow along flat plates and 
through uniform conduits on the basis of certain general concepts 


“Instability of Vortex Sheets,” by L. Rosenhead, Proceedings of 
the Royal Society of London, vol. 134 A, 1931, p. 170. 

6 Professor of Hydraulics, State University of Iowa, and Consulting 
Engineer, Iowa Institute of Hydraulic Research, Iowa City, Iowa. 


regarding the physical nature of the turbulence mechanism. 
Eventually, however, it was realized that this very nature of 
the phenomenon rendered its exact analysis impossible without 
the use of statistical methods. To hydraulic engineers, this 
realization brought little comfort, for the tedious routine of 
laboratory investigation and the apparent mathematical com- 
plexity of the resulting functions are not in themselves particu- 
larly attractive. Therefore, the author deserves the gratitude of 
the profession at large, not only for undertaking the first statisti- 
cal analyses of turbulence to be performed in the hydraulic labora- 
tory, but for summarizing and explaining in hydraulic phraseology 
the essentials of this most recent approach. 

Hydraulic engineers are wont to distinguish generally between 
two sorts of “turbulent” motion, considering the local disturb- 
ances produced by boundary changes as quite unrelated to the 
phenomenon ordinarily classed as turbulence in pipe flow. The 
author shows that any case of statistically irregular motion may 
be analyzed in terms of the same two types of parameter, the 
average eddy size and the average velocity of fluctuation which 
the eddies produce, one form of turbulence differing from another 
only to the extent that these parameters are differently distributed 
throughout the flow. Whether the flow is uniform or nonuni- 
form, therefore, and whether the problem is one of energy loss, 
heat transfer, or sediment transportation, knowledge of the vari- 
ation of these two parameters provides the key to the ultimate 
solution. 

Were all turbulence isotropic in nature, both the experimental 
and analytical phases of the general problem would be relatively 
simple, for at any point the length and velocity scales of isotropic 
turbulence are the same in all directions. Unfortunately, most 
of the phenomena confronting the hydraulic engineer display 
definitely anisotropic characteristics. Not only are the three root- 
mean-square components of the velocity of fluctuation generally 
different, but a generally dissimilar difference is found in the mean 
dimensions of the eddies in the corresponding directions. A com- 
plete description of the turbulence pattern may therefore be ob- 
tained only through the determination of the velocity and length 
parameters in each of the three coordinate directions throughout 
the region of flow under investigation. This situation represents 
the principal obstacle to experimental progress, for no means yet 
exists of measuring more than two velocity components simul- 
taneously, and the evaluation of the eddy dimensions remains de- 
pendent upon measurements of the velocity correlation at differ- 
ent points as functions of distance and direction. 

In diffusion problems, to be sure, only the two transverse para- 
meters seem to be of importance, as in the case of heat transfer 
or sediment suspension. On the other hand, only the longitudinal 
characteristics of eddy velocity and size can be measured with a 
single instrument. For instance, the revolutions of a current 
meter (provided that it is sufficiently small in proportion to the 
flow section) may be recorded in such a way as to provide from 
a single graph both the longitudinal root-mean-square fluctuation 
and the longitudinal mean eddy size. That is, the variation in 
amplitude of the velocity graph will yield the characteristic 
magnitude of the fluctuation, while the velocity variation with 
time (i.e., the frequency of fluctuation) should permit evaluation 
of a correlation coefficient R,, somewhat similar to the factor R, 
used by the author. Were it possible to establish the relationship 
between these characteristics and those for other directions, the 
measurement of anisotropic turbulence would thereby be greatly 
simplified. 

The author discusses two different parameters for the linear 
scale of turbulence, the mean eddy size L and the “small’”’ eddy 
size X. The writer believes that the fact should be stressed that 
these are not strictly comparable length parameters, for the latter 
represents an arbitrary intercept of the horizontal axis of the cor- 
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relation curve, while the former usually represents the area under 
the curve. That some types of turbulence apparently do have 
several different length (and velocity) scales of comparable type, 
however, is indicated by current-meter records of river flow in 
which high-frequency low-amplitude variation seems to be super- 
posed upon a primary curve of lower frequency and higher ampli- 
tude; indeed, fluctuations of still lower frequency are evidenced 
by long, roughly sinusoidal waves in the velocity record, although 
variations of such great period probably do not merit the name 
of turbulence. Since, as pointed out by the author, the smaller 
eddies govern the rate of energy dissipation and the larger the 
diffusion characteristics of the turbulence, the writer raises a 
question as to whether the customary evaluation of the velocity 
record as a whole properly takes into account the relative mag- 
nitudes of these different turbulence scales. 


AvurHor’s CLOSURE 


In order to bring the newer concepts of turbulent fluid motion 
into the realm of useful knowledge of the hydraulic engineer it 
is necessary to present accurate and clear physical interpretations. 
This is not always easy. Professor Bakhmeteff in his discussion 
helps to supply such interpretations which do much to further 
elucidate the various phenomena, particularly that of the origin 
of turbulence. The process and mechanism by which the energy 
producing normal turbulent flow in a simple straight conduit is 
transformed into heat is unbelievably complex. A few years ago 
we were satisfied to state that hydraulic friction consisted of 
the “rubbing together of fluid particles against each other and 
on the walls of the conduit.’”” How entirely inadequate this 
description is has been impressed on those who have given this 
problem some thought and study in the light of our increased 
knowledge of the turbulence mechanism. 

Analyses and observations indicate that the energy-producing 
flow is to a large extent transferred into the “eddy-generating” zone 
near the walls. In this zone the energy is transformed into tur- 
bulence energy of the rotating eddies which diffuse throughout 
the stream and gradually are dissipated. The mixing action of 
the eddies in the main portion of the stream is the mechanism by 
which the energy producing flow is transferred to the boundary 
zone. The process of transferring the potential energy producing 
flow from one region to another and the process of dissipation of 
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this energy by the eddies after they are created occur, of course, 
in established turbulent flow, simultaneously; nevertheless, they 
are distinct and can be separated in any analytical study. 

As mentioned by Professor Bakhmeteff even the mechanism of 
energy dissipation in viscous flow in conduits has not been per- 
haps adequately interpreted from the physical standpoint. 
Though the fundamental equations given in the classical hy- 
drodynamic treatises are correct, they, however, do not clearly 
indicate what actually occurs, and thus may lead to faulty physi- 
cal interpretations. 

The goal of modern fluid mechanics is to probe more deeply into 
all fluid-flow phenomena, using the available theoretical concepts 
as guides and always depending on the laboratory to provide 
the necessary facts. Since a proper physical picture appears 
essential, the author has favored various photographic techniques 
in making the necessary experimental studies, even though much 
time is required to obtain the final data and facts. 

Professor Rouse mentions that most of the turbulence phenom- 
ena of concern to the hydraulic engineer are not of the simple 
isotropic type. This is, of course, quite true, and therefore care 
must be taken in any attempt to extend the results of analyses 
and experiments dealing solely with isotropic turbulence. In 
general only the ideas and methods of attack can be borrowed, 
not the conclusions. Since no method exists at present for record- 
ing simultaneously the three velocity components in turbulent 
water, the best that can be done is to measure two components 
simultaneously, and another two in the other plane. Such 
measurements will give adequate data for obtaining the intensity 
and length characteristics of the turbulence in the three coordi- 
nate directions. 

Professor Rouse’s comments regarding the two different length 
parameters, which the author discusses in the paper, are quite 
pertinent. It is probably true that the relative magnitude of 
\ and L has no particular significance. Nevertheless, the par- 
ticular definition of these length terms makes it possible to com- 
pare them for different conditions and to make conclusions 
regarding the energy dissipation and diffusion characteristics of 
different turbulence phenomena. 

The encouraging comments of the discussers is appreciated and 
will prove very helpful in further work in this most interesting 
field of fluid mechanics. 
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Progress in Design and Performance of 
Modern Large Steam Turbines for 


Generator Drive 


By G. B. WARREN,' SCHENECTADY, N. Y. 


The first portion of this paper reviews briefly the progress 
of turbine and power-plant design over the last 20 years. 

The second portion illustrates with numerous assembly 
drawings the progress of recent turbine design and shows 
both the standard and the special types of turbines being 
built to meet present requirements. In addition, it sets 
forth the general principles governing turbine construc- 
tion and illustrates some of the new turbine constructions 
designed to withstand extremely high pressures and tem- 
peratures. The trend of turbine reliability and turbine 
economy is shown, and a number of test results of large 
modern turbines are made available. 

The third section discusses detailed considerations of 
turbine design, and illustrates numerous turbine parts 
designed for the utilization of high pressures and high 
temperatures, but which may be of interest for other fields 
of application. 


PART I—TRENDS IN POWER-PLANT AND TURBINE 
DESIGN 
r NHE progress of turbine design and construction since its 
inception has consisted largely in: 

1 Building turbines and the attached generators of 
higher unit capacities to meet the growing demands for more 
power, and so permit reduction of the plant investment per unit 
of output. 

2 Continuously modifying and refining the design, manu- 
facturing processes, and materials used in order to increase the 
reliability of operation and to reduce the outage time which has 
always been one of the chief concerns of operators of such equip- 
ment. 

3 Utilizing higher initial steam pressure and temperature, 
coupled with improved heat cycles, such as regenerative feed- 
water heating, resuperheating, air preheating, etc., to decrease 
the fuel consumption per unit of output. 

4 Designing the turbine to utilize an ever-increasing propor- 
tion of the available energy in the steam cycle being used at the 
time. 

The decrease of over-all plant investment through greater 
reliability of the turbine generator, and the decrease in invest- 
ment and operating costs resulting from improved efficiency 
have always been of much greater significance to the owners of 
such equipment than reduction of first cost of the turbine and 
generator alone. The major endeavor, therefore, has been to 
improve these two factors through the use of new knowledge, 
new materials, and new tools and manufacturing processes. 
The principle of diminishing returns must be observed, however, 


1 Designing Engineer, Turbine Engineering Department, General 
Electric Company. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Taz Amemri- 
can Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


49 


and increased material and labor cannot be added out of propor- 
tion to the returns obtained, and every effort has been made to 
reduce costs where not inconsistent with the foregoing primary 
objectives. 

With these forces at work, the turbine designers and builders 
have never been permitted to rest on their oars. Each year has 
seen new problems and new conditions to be met. 

Hydrogen cooling? has made possible larger 3600-rpm gener- 
ators, and has within the last few years permitted building many 
turbines for 3600 rpm rather than 1800 rpm. 

Much of the progress mentioned has been summarized in a 
paper by W. E. Blowney,? but in order still further to illustrate 
this situation, Fig. 1 brings up to date a number of curves first 
published by Ernest L. Robinson‘ before the World Power 
Conference in Japan in 1929. The new figures show the average 
steam conditions for the turbines sold by General Electric each 
year, while the original curves showed but the maximum condi- 
tions. A better conception is thus gained of the trends. 

Several conclusions can be drawn from these curves: 

(a) Although the largest possible unit at any given speed has 
steadily increased, and the large units have been effectively 
utilized in reducing operating and fixed costs on the large utility 
systems, the average size of unit sold in the United States (units 
above 10,000 kw only considered) has increased but slowly. 

(b) Increases in the maximum pressure and temperature 
have been followed by a steady rise in the average pressure and 
temperature for which machines have been sold, thus certifying 
to the fact that the pioneering done by a few power-plant owners 
has been followed by a general advance for the entire industry. 

(c) The foregoing is further attested to by the almost con- 
tinuous downward trend of the fuel consumption both for the 
best plants available and the somewhat similar trend for the 
average. Although it would appear from this latter curve that 
the continued progress in the average coal consumption may have 
slowed up, a closer examination of all the facts will serve to indi- 
cate that this is not the case. ‘ 

The reduction in the coal consumption of the best plants is 


2 “The Hydrogen-Cooled Turbine Generators,” by D. 8. Snell, 
Trans. A.I.E.E., vol. 69, 1940, pp. 35-50. 

‘‘Hydrogen-Cooled Turbine Generators,” by M. D. Ross and C. C. 
Sterrett, Trans. A.I.E.E., vol. 59, 1930, pp. 11-17. 

“Hydrogen Cooled Generators,” by E. H. Freiburghouse and D. 8S. 
Snell, Power, vol. 82, no. 8, 1938, pp. 38-41. 

“Hydrogen as a Cooling Medium for Electrical Machines,” by 
Edgar Knowlton, Chester Rice, and E. H. Freiburghouse, Trans. 
A.L.E.E., vol. 44, 1925, pp. 922-934. 

“The Application of Hydrogen-Cooling to Turbine Generators,” 
by M. D. Ross, Trans. A.I.E.E., vol. 50, 1931, pp. 381-386. 

“Liquid Film Seal for Hydrogen-Cooled Machines,”’ by C. W. 
Rice, General Electric Review, vol. 30, 1927, pp. 516-530. 

“Hydrogen Cooling of Rotating Machines,” by C. M. Lafoon, 
Trans. A.I.E.E., vol. 55, 1936, pp. 703-709. 

“Turbine Trends,” by W. E. Blowney, Power, vol. 83, no. 1, 
1939, pp. 74-76. 

4 “General Trend of Steam Turbine Development by the General 
Electric Company,” Trans. Tokio Sectional Meeting, World Power 
Conference, Tokio, Japan, 1929, vol. 3, pp. 1066-1078. 
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(Maximum capacity refers to single-shaft units. 


due to the progress already noted which has continued during 
the last few years; whereas, the continual reduction in the aver- 
age is due to the taking over of the load by newer and more ef- 
ficient stations as they are installed from year to year, and to the 
relegating of the older and less efficient plants to peak-load and 
stand-by service. The last several years of business depression 
have served to reduce the number of new plants being installed, 
although the growth of the electrical load has continued. This 
resulted in an increasing use of many older and less efficient plants 
with a slowing up of the year-by-year reductions in the average 
coal consumption per kilowatthour. With the resumption of the 
power-plant building program which is now under way, we should 
see still further reductions in the coal consumption per unit of 
output. This is borne out by the latest preliminary figure of 
1.37 Ib of coal per kilowatthour recently published*® for year 
1939. 


TURBINE SPEEDS 


The trend toward higher turbine rotative speeds has been 
dictated by the requirements of efficiency, reliability, and cost. 

Where the leaving loss from the last stages of condensing 
turbines is not a determining factor, it is usually true that the 
turbine efficiency ratio, i.e., the relation between the energy 
which it makes available as output and that theoretically avail- 
able, is increased as the design speed is increased. In that part 


§ Annual statistical number of the Electrical World, vol. 113, Jan. 
13, 1940, p. 81 (105). 
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Larger 1800-rpm cross-compound units have been built up to 208,000 kw.) 


of a turbine with a high volume flow, i.e., on most low-initial- 
pressure turbines and on the condensing end of all turbines, this 
increase is small, and may even be negative. On the other hand, 
when the volume flow is low, as on the high-pressure end of even 
large-capacity turbines, and on almost all small turbines, the 
gain with increasing speed is greater. 

Of even greater importance is the fact that it becomes very 
much easier to build reliable turbines for high pressures and 
temperatures if the dimensions of the shells and rotors and inter- 
stage diaphragms are kept as small as possible. This can be done 
in the higher-speed turbines. As an extreme example, it is doubt- 
ful if it would be practical to design a 1200-rpm turbine of reason- 
able efficiency to operate at 1200 psi pressure, 950 F; whereas, 
such turbines are now being built for 3600 rpm with ease. 

As an illustration of this situation, Figs. 2 and 3 have been 
prepared showing comparable turbine rotors and turbine casings 
for 50,000 kw condensing turbines at 1200 rpm, 1800 rpm, and 
3600 rpm, respectively. These designs were for steam conditions 
of 275 psi, 650 F, 375 psi, 725 F, and 1200 psi, 900 F, respectively. 

It is apparent that the requisite shell-wall thickness, ete., and 
increased shaft span that would be necessary to make the slower- 
speed machines good for the higher pressures and temperatures 
would be prohibitive. The deflections and distortions which 
would result, together with the great bearing span, would also 
prohibit the maintenance of the reasonably small clearances 
upon which high efficiency with high pressure depends. There 
seems to be reason to believe. supported by evidence on both 
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1200 RPM 
WT- 107.683 LBS 


RPM 
WT -57,486 LBS 


3600 RPM 
WT - 34.930 LBS 


Fig. 2. Tursine Rotors ror 50,000-Kw ConpeNnsInG TURBINES 


(1200 rpm, 275 psi gage; 1800 rpm, 375 psi gage; and 3600 rpm, 1200 psi 
gage, respectively; approximately to same scale.) 


) 


hic. Tursinge SHELLS FoR 50,000-Kw CoNnDENSING TURBINES 
(1200 rpm, 275 psi gage; 1800 rpm, 375 psi gage; and 3600 rpm, 1200 psi 
gage, respectively; approximately to same scale.) 


land.and marine turbines,® that the newer high-speed turbines 
are, more reliable as well as more economical than the older 
slower-speed machines. This is contrary to the preconceived 
ideas of many engineers, and generally contrary to reciprocating- 
machinery experience. Nor do higher speeds generally mean 
higher stresses in the turbine elements. In almost every case 


* “New Engineering in the Navy,” by Charles Edison, Secretary 
of the Navy, Scientific American, vol. 162, March, 1940, p. 138. 


the stresses in the new 3600-rpm turbines are lower than in the 
1800-rpm machines of a few years ago. 

The advantages of the higher speed have been particularly 
apparent in connection with high-pressure and high-temperature 
condensing, or so-called “topping,” turbines. 

The higher speeds have permitted better utilization of ma- 
terials and should eventually reduce costs. The simultaneous 
increase in steam conditions, the utilization of better, more re- 
fined, and more costly materials as a means of increasing relia- 
bility, together with increasing labor costs as compared to 
several years ago, make relative cost comparisons between pres- 
ent and past practice difficult and often misleading. Costs are 
undoubtedly lower than they would have been had speeds not 
been increased. Turbine speeds for generator drive seem to have 
reached a limit at 3600 rpm with 60-cycle power being generated. 
Although new electrical devices may change this situation, it 
does not appear to be in the immediate future, and new develop- 
ment should be stabilized at this speed, which will probably be 
an advantage for all coneerned. 


PART II—GENERAL DESIGN AND PERFORMANCE 


The recent trend of turbine development can best be illustrated 
by discussing specific turbines, somewhat in chronological order. 
The requirements of the various customers are still so diverse 
that each turbine is more or less a custom-built machine. This, 
however, has not been as costly as is oftentimes thought, be- 
cause it has been possible in a large percentage of the turbines 
built to utilize more or less standardized portions of turbines 
with only minor modifications of these parts from machine to 
machine. 

Although all of the turbines described in this paper bear a 
‘family resemblance,” there are still many differences. Actually, 
this is because in most cases there is not just one solution to a 
problem, but several. When one solution has been found to 
work, it may be incorporated in subsequent turbines built for 
closely similar conditions over a period of years. 

In the meantime, turbine development may have been follow- 
ing along another solution, because this other solution may give 
promise of meeting future conditions better than the previous 
one which is still in use, and, hence, newer machines in process of 
design will embody the newer arrangement, although for certain 
current conditions of operation it may be no better than an older 
arrangement still also in use. 

Fig. 4 shows cross sections of two modern turbines for rather 
moderate steam conditions, that is, 300 psi to 400 psi pressure 
and 700 F to 750 F temperature. The first is for 15,000 kw, 3600 
rpm; and the second, for 75,000 kw, 1800 rpm. In both these 
machines steam at full boiler pressure and temperature is by- 
passed around early stages to obtain full load. Turbines of both 
these types have been fully tested and have, as will be shown in 
a later part of this paper, extremely high over-all efficiencies. 

Fig. 5 shows four very recent machines designed for modern 
higher steam pressures and temperatures and for capacities 
ranging from 10,000 kw to 80,000 kw. The first machine shown 
is for 10,000 kw to 15,000 kw capacity and for 600 psi to 800 psi 
pressure, 825 F to 900 F temperature. The second machine is 
for 20,000 kw to 25,000 kw capacity for 800 psi, 900 F to 950 F 
temperature. 

The third machine is typical of the 3600-rpm tandem compound 
turbines for from 30,000 kw to 50,000 kw capacity and for steam 
conditions varying from 600 psi to 1200 psi and temperatures 
from 825 F to 950 F. The fourth machine, typical of the large 
1800-rpm single-casing turbines, is for from 75,000 kw to 85,000 
kw capacity, and for steam conditions from 800 psi to 1250 psi, 
825 F to 900 F. A turbine similar to this latter machine, rated 
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Fie. 4 Cross Secrions or 15,000-Kw, 3600-Rpm, anv 75,000-Kw, 1800-Rpm ConDENSING_TURBINES FOR 300 To 400 Pst, 750 F 


80,000 kw and to operate at 1250 psi, 900 F, is now being in- 
stalled for the Central New York Power Corporation. 


CONTROLLING VALVES AND DEsIGN OF EARLY STAGES 


The general use of higher and more efficient steam conditions 
has had an important bearing upon the design of the early stages 
in turbines and upon the arrangement of the controlling-valve 
system used to permit the efficient meeting of a wide range of 
outputs from the turbine. In general, a two-row velocity stage 
first-stage wheel is the best design for a turbine with compara- 
tively low volume flow, that is, somewhat under 50 cfs. This is 
because, although the two-row velocity stage wheel in itself is 
not as efficient as corresponding single-row impulse wheels, it 
gives a quick drop in the initial pressure and temperature through 
the first-stage nozzles, and reduces the pressure on the high-pres- 
sure packing and on the diaphragm packings, the losses through 
which are major items with a low volume flow turbine, and also 
reduces the rotation loss of the early stages. This arrangement 
also produces a relatively constant efficiency over a wide range 
of load. 

If the volume flow is between 50 and 125 cfs, general experience 
indicates that the first stage should also be a two-row wheel as 
on the smaller flow machines, but that after approximately 75 
per cent to 80 per cent full flow is obtained, full steam flow should 
be obtained by by-passing the first-stage wheel, and admitting 
full boiler pressure and temperature to the first-stage shell. 


(Approximately to same scale.) 


This is sometimes called a single by-pass machine. On machines 
of larger volume flow than the foregoing, the two-row first-stage 
wheel, which is generally here full peripheral admission, may be 
retained, but designed so that at full admission to this wheel, 
about 60 per cent to 65 per cent of full-load flow is obtained. 
Eighty per cent of full load is obtained by admission of steam at 
full pressure and temperature to the first-stage shell; and full 
flow is obtained by by-passing steam at nearly full boiler pressure 
and temperature to a still lower stage. This is sometimes called 
a two by-pass machine. It is seldom desirable to carry this 
process further. The aforementioned volume flows are for 3600- 
rpm turbines. The corresponding flows for 1800-rpm turbines 
will be between three and four times these values. This latter 
construction is illustrated in Fig. 4. This by-passing method of 
regulating the flow is advantageous from many standpoints, but 
the author feels it is generally not so desirable when the pressure 
and temperature are high because of the larger portion of the tur- 
bine exposed to these conditions and the heating of the steam 
passing through the idle stages. 

The method used on the smaller-volume-flow machines with 
a two-row velocity-stage wheel which is not by-passed is excel- 
lent for high pressures and temperatures, because it does not 
permit these steam conditions to go in their full intensity past 
the first-stage nozzles; to continue this system on the larger 
machines, however, would not result in the most efficient pos- 
sible design for the lighter load conditions of such turbines. If 
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Fie. 5 Cross Sections or 10,000-Kw to 80,000-Kw ConpENsING TURBINES FOR MopERN STEAM CONDITIONS 
(600 to 1200 psi and 825 F to 950 F; approximately to scale.) 
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A-75,000-1500-20 
900 250LBS.-656°F - | ABS. 
B- 80,000 - 1800-17 
425 LBS.- 750°F - |” ABS. 


C- 80,000- 1800-17 
1250 LBS.- 900°F - 1” ABS. 


D-50,000 - 1800-17 

375 LBS.- 700°F -1” ABS 

E-80,000-1800-!7 
100,000-KW. LOAD 

125 LBS.-900°F - 1” ABS. 
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TEMPERATURE VS. DISTANCE FROM EXHAUST WHEEL IN INCHES > 


105 100 90 80 70 60 50 40 30 20 10 0 
INCHES 
Fic.6 Diagrammatic Cross SECTION OF INTERNAL By-Pass VALVE CONDENSING TURBINE AND VARIATIONS OF TEMPERATURE THROUGH 
TURBINES WitTH EXTERNAL AND INTERNAL By-Pass VALVES 
(Curves C and £ are turbines with internal, A, B, and D turbines with external, by-pass valves.) 


the by-passing method of control just described is used, the shells |The lower portion shows a group of curves in which the maximum 
and other turbine parts are subjected to the full intensity of the operating temperature at the various stages is plotted for a 
initial pressure and temperature of the steam. Therefore, an number of turbines rated from 50,000 kw to 80,000 kw capacity 
older construction, often referred to as an “internal by-pass and with various steam-admission arrangements. Some of the 
valve,” was revived and incorporated in the design. This curves represent the temperatures in older, lower-pressure, lower- 
permits a nearly equivalent result from the standpoint of economy, temperature turbines with by-passing similar to those shown in 
and at the same time protects the parts of the turbine against Fig. 4. Curves C and E represent corresponding temperatures 
the incidence of these unusually high steam conditions. with the internal-by-pass machine with the by-pass both open 

A clearer view of the internal by-pass arrangement is shown in and closed, and indicate that this construction permits the 
Fig. 6. The upper portion shows the arrangement on the 80,000- _ building of a single-cylinder turbine for 1200 psi, 900 F, which, 
kw single-cylinder condensing turbine previously referred to. with the exception of the first-stage nozzle and valve chest has 
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temperatures throughout no higher and generally less than older 
type turbines operating at much lower conditions. This type of 
design should result in a substantial increase in the temperatures 
for which turbines can be safely designed with present material, 
and should also result in decidedly less distortion and creep of 
turbine parts as a result of operation at these higher steam con- 
ditions. 

Another refinement incorporated in some modern turbines is 
the placing of the controlling valves symmetrically in the top 
and bottom halves of the high-pressure shells. This tends to 
preserve the alignment and, hence, maintain the smaller clear- 
ances so necessary to high economy, despite the greater expansions 
incident to the present higher temperatures. This can be noted 
by contrasting the designs of the three larger machines in Fig. 5 
with the designs shown in Fig. 4. 


DesIGNn oF Last-StTaGE BucKETS AND Exuaust Hoops 


It is common knowledge that the projected area through the 
last-stage bucket annulus is generally the limiting factor in con- 
nection with the capacity for which condensing turbines can be 
built. It is possible within reasonable limits to build the earlier 
stages of any given turbine carrying a given last-stage bucket 
so as to pass any required quantity of flow, and to obtain any 
given capacity, providing, of course, the parts are made strong 
enough. Under such circumstances the velocity of steam leaving 
the last-stage buckets would go up approximately as the capacity, 
and the energy in the steam which is thus thrown away would 
go up as the square of the capacity. A point is soon reached at 
which the loss in energy from this so-called ‘leaving loss’’ or 
“exhaust loss’’ is so great as to make the increase in capacity 
obtainable this way wholly uneconomical. There is no hard and 
fast line which can be drawn, or which says that the leaving loss 
should be such and such a percentage in commercial machines. 
It generally ranges from 2 per cent to 6 per cent at maximum load, 
depending upon the steam conditions, vacuum, extraction, and 
the like. 

Mechanically, there is a rather definite limit to the annulus 
area which can be obtained at any given speed, and at any given 
stress in the root of the buckets and their attachments. The 
actual value depends upon the skill and experience of the bucket 
designer, and upon the stress which his experience indicates he 
can allow safely in the materials available. This limit at the 
present time is approximately 25 sq ft of projected annulus area 
(pitch circumference times the length of bucket) at 3600 rpm, 
and about four times this value at 1800 rpm. 

The kilowatt capacity which can be economically put into a 
turbine with a given last-stage bucket area depends upon the 
steam conditions. This capacity generally increases as the initial 
pressure and temperature are increased, if resuperheating is 
used, and if steam is extracted for regenerative feedwater heat- 
ing, or for any other purpose.’ This economical capacity is 
greater at poorer vacuums. 

A rough rule would indicate that from 600 kw to 1200 kw 
maximum turbine capacity can be obtained economically from 
each square foot of last-stage bucket annulus, depending upon the 
conditions. Therefore, 80,000-kw to 100,000-kw, single-flow, 
1800-rpm turbines can be built, but in 3600-rpm turbines it is 
generally necessary to “double-flow” above 25,000 kw capacity, 
and at the present time on a cross-compound, 100,000-kw, 3600- 
rpm turbine, described later, a quadruple flow exhaust to the 
condenser is being used. 


7“Recent and Possible Future Developments Affecting the 
Economics of Large Steam Turbine Practice in the U. S.,’’ by G. B. 
Warren, Transactions of the Second World Power Conference, Berlin, 
1930, vol. 5, pp. 107-141 and General Electric Review, vol. 33, 1930, 
pp. 434-443, 522-527. 


The tip speed of these last-stage buckets is so great that the 
effect of the impingement of the tips of the buckets upon the 
slow-moving moisture particles in the steam causes erosion of 
the metal from the last-stage buckets. 

Higher initial temperature or resuperheating reduces the mois- 
ture present, or the moisture can be separated by centrifugal 
force from the steam before it reaches the last stage. This latter 
is done, in so far as possible, by circumferential chambers surround- 
ing the tips of the latter stages shown in the preceding turbine 
cross sections. 

Experience has proved that these chambers are effective in 
removing the heavier moisture particles and in greatly reducing 
the erosion. The total effect on efficiency is not very great, 
ranging from about one quarter to three quarters of one per 
cent, being less on the larger and lower-speed machines. 

Another method of protecting these buckets is to attach strips 
of harder material to the tips of the buckets. Stellite, as shown 
by the results of extensive research both here and abroad, seems 
to be the most effective material for preventing such erosion. 
Its superior qualities in this respect are all out of proportion to 
its hardness. These shields are generally attached to the outer 
portion of the higher-speed last-stage buckets. 

The erosion of the next to the last-stage bucket does not appear 
to be a major factor on account of the higher density of the steam, 
and, hence, the higher absolute and lower relative velocity of 
the moisture particles before they are struck by the bucket edge. 

Much research work in mechanical design and steam flow has 
been carried out to assist in the design of the last-stage buckets. 
However, much remains to be done. From both foregoing stand- 
points the design must be a compromise between (1) the varying 
stream-flow requirements at the root and at the tip, (2) the vary- 
ing requirements of strength for the root and lightness for the 
tip, and (3) sufficient rigidity to the whole structure as to give 
the proper vibrational characteristics. 

These latter-stage wheels and buckets must be tuned so that 
they will not vibrate at running speed,* but they would probably 
break if operated for very long under load at certain speeds 
either below or above this designed operating speed. In vari- 
able-speed marine turbines special precautions must be taken to 
see that the buckets are proportioned so as to be safe, at all 
speeds. This is not generally difficult for the sizes, speeds, and 
vacuums generally encountered. 


Exuaust Hoops 


The exhaust hood is the chamber into which the steam from 
the last-stage bucket of a turbine discharges. If this chamber 
is extremely large, no loss in pressure between the last-stage 
bucket and the entrance to the condenser will take place, but 
such a hood would be too costly, and would probably not be 
sufficiently rigid to hold the high-pressure portions of the tur- 
bine in alignment with the bearings. An exhaust hood which 
is too small would not permit the turbine to utilize the full 
condenser vacuum, and so would result in excessive losses. 

A great deal of research, some of which was described by 
H. L. Wirt in 1924,* has been carried out by means of model 
tests in order to ascertain the best shape for building these ex- 
haust hoods. 

It is rather strange to find that under these circumstances 
the original designs, made more or less on the basis of judgment 
and instinct, are still frequently in use and are about as good 
as anything which the research work has disclosed. These 


’“The Protection of Steam-Turbine Disk Wheels From Axial 
Vibration,’”’ by Wilfred Campbell, Trans. A.S.M.E., vol. 46, 1924, pp. 
31-60. 

®*“The Turbine Designers’ Wind Tunnel,” by H. L. Wirt, Me- 
chanical Engineering, vol. 47, 1925, pp. 13-17. 
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original designs, however, have been refined in certain ways as 
a result of this testing, and have been made much better 
from the mechanical standpoint as a result of operating experi- 
ence with turbines in the interim. 

Some turbines have been built where condenser placement on 
the turbine operating level has permitted a ‘‘stream flow’ or 
“diffuser” type of exhaust hood. On these units vacuum meas- 
urements were obtained at the last wheel which were greater 
than the vacuums existing in the condenser. These hoods have 
been in service for a number of years on several turbines in the 
Chicago district with great success, but generally this type of 
condenser arrangement has not been favored by station designers 
on account of the extra space and unconventional arrangement 
required, although a gain somewhat in excess of one per cent 
results. 


NONCONDENSING TURBINES 


Fig. 7 shows three sizes of noncondensing turbines for high 
pressures and temperatures. These have been built in quite a 
number of cases to supply industrial process steam, or to operate 
as superposed turbines exhausting into existing lower-pressure 
condensing turbines. 

The first of these is for 10,000 kw to 15,000 kw capacity, 800 
psi to 1200 psi pressure, and up to 900 F. This size machine 
generally requires no by-pass, and passes all of the steam through 
the first-stage wheel. 

The second is a recently designed machine for 15,000 kw to 
20,000 kw capacity, for the same pressure range as the first, and 
up to 925 F. In this size a by-pass becomes advisable in order 
to secure the best possible light-load economy. The design 
shown is one of the latest involving an internal by-pass, which, 
as previously pointed out, permits all of the steam to pass 
through the first-stage wheel at all loads. 

The third shows a type of machine which has been built for 
from 25,000 kw to 60,000 kw capacity, for a wide range of steam 
conditions up to 2300 psi pressure and up to 950 F. 

The first two of the foregoing machines are of the single-shell 
type. The third machine is of a type which was developed only 
a few years ago, and is known as the ‘“‘double-shell” construction. 
It has been successfully applied to a number of installations at 
high pressures and temperatures. 

Operating experience on seven of these turbines now in com- 
mercial service has been decidedly favorable. Trouble from 
steam leaks has not occurred. Shell distortions have been re- 
duced to much less than ever previously experienced even in 
turbines at lower pressures and temperatures. The dismantling 
of this type has been made easier owing to greater ease of han- 
dling the smaller shell bolts and the reduced shell distortions. 
Several other machines of this type are now being installed or 
manufactured. 


DEVELOPMENT OF DovuBLE SHELL” 


Double-shell construction has had a rather interesting develop- 
ment through four steps, the last of which is not yet in operation. 
The various steps in this design are shown in Fig. 8. 

Basically, the principle is to surround the working parts of 
the turbine with a steamtight inner shell carrying its own bolting 
flange, and to build around this a second shell. The space be- 
tween the two shells is maintained by communication with a 
lower stage in the turbine at a pressure intermediate between 
the intial pressure in the inner shell and the atmosphere. The 
total pressure drop is thus divided into two stages; neither shell 


© “*Logan Double-Shell Turbine,” by G. B. Warren, Power, vol. 
83, 1937. pp. 302-305. 

“*53,000-Kw 3600-Rpm Superposed Turbine for Waterside Station,” 
by G. B. Warren, Combustion, vol. 9, 1938, pp. 27-32. 
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need be as thick as it would otherwise have to be in a single-shell 
machine. The inner shell is heated by steam on both sides, and 
as a result of all of these factors there is much less tendency for 
the shells to distort and the turbine may be much more rapidly 
brought up to operating temperature without the danger of undue 
internal stresses or distortions. Fig. 9 shows views of the hori- 
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Fig. 9 COMPARABLE BoLTING FLANGE OF SINGLE- AND DouBLE- 
SHELL TURBINES 


zontal bolting flanges of comparable single- and double-shell 
designs. 

Type I in Fig. 8 is the first embodiment of this design, of which 
eight are built or building and five have now been put in opera- 
tion. It has been quite successful but required an external con- 
trolling valve chest or chests and complicated piping. 

Type II was the next design of which four were built or are 
building, and two have now been put in operation. This con- 
struction eliminated the external valve chest but preserved the 
advantages of the double-shell construction, embodying the 
valve chests in the upper- and lower-half outer shells or casings 
which made the turbine much more compact. 

Type III shows the third embodiment of this construction in 
which to Type II an internal by-pass valve has been added. 
Seven machines of this type are being built. This design secures 
good economy over a wider range of load and at the same time 
permits a drop of pressure and temperature through the first- 
stage wheel and nozzle at all loads, with resultant protection to 
the turbine elements from the higher pressure and temperature 
of the inlet. steam. 

Type IV shows a still further development of this design in a 
condensing turbine to operate ultimately at 1250 psi gage pres- 
sure, 1000 F. In this last construction the entire upper and lower 
controlling valve chests are cast integral with the inner shell, 
the controlling valves operated by valve stems coupled to other 
valve stems coming through the outer shell, and thus the outer 
shell is protected at all points from the initial steam conditions 
and is only in contact with steam at much lower pressures and 
temperatures. The first-stage nozzle and the incoming steam 
pipes are the only parts of the turbine subjected to the full initial 
steam conditions. These parts are really such a small portion 
of the turbine that if need be they might be considered renewal 
parts, although it is not felt, with steam conditions now under 
consideration, with present-day materials, and with stresses 
which are now being run, that these parts will have to be re- 
newed. 


INTERESTING AND UNIQUE TURBINES OF RECENT DESIGN 


The turbines shown in Figs. 4, 5, and 7 have been designed to 
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fit more or less standard conditions, and they conform in general 
to the suggested standards issued in 1938 by the Federal Power 
Commission. !! 

In the last few years, however, a number of very interesting 
turbines have been designed to meet necessarily special or 
pioneering conditions. Some of these are described in the follow- 
ing paragraphs. Three of these, in which the furnishing of ex- 
traction steam has figured prominently, are shown in Fig. 10. 
The first shows one of three high-pressure, condensing, extraction, 
tandem-compound turbines designed to operate in power plants 
built and operated by the Pacific Gas and Electric Company 
adjacent in each case to an oil-refining plant and to furnish power 
and process steam to the oil refineries and excess and stand-by 
power to the utility transmission lines. These turbines are to 
operate at 1400 psi pressure, 940 F temperature, and to exhaust 
from zero to about 97 per cent of the full throttle flow at approxi- 
mately 200 psi gage to evaporators which furnish process steam 
to the oil refineries. Under partial or complete condensing opera- 
tion as much as 50,000 kw can be generated. This is the most 
extensive and efficient combined power and heat supply under- 
taking in which a power utility and a group of industrial plants 
have cooperated. 

The second machine, a 15,000-kw turbine for the Iowa Elec- 
tric Light and Power Company, Cedar Rapids, Iowa, is designed 
to supply steam to adjacent industries and power to the utilities. 
It is to operate at 650 psi initial steam pressure, 750 F tempera- 
ture, condensing, and supply extraction steam at 100 to 225 
psi gage. The machine really consists of two separate turbines 
in the same casing: a noncondensing turbine in the front end, 
and a condensing turbine on the generator end. The valve chest 
for one is in the upper half of the casing, and for the other in the 
lower half of the casing. The parallel-flow construction permits 
independence of operation between the noncondensing and con- 
densing portions of the turbine and gives high efficiency at all 
conditions of operation. 

The third machine is one of the largest noncondensing super- 
posed turbines ever built, rated 65,000 kw, and is for the Con- 
solidated Edison Company of New York, Inc. It will operate at 
1250 psi, 925 F, and exhaust into an existing 200-psi header 
supplying condensing turbines and a district heating system. 
The low-pressure turbine between the high-pressure turbine and 
the generator takes a portion of the exhaust of the main turbine 
and exhausts it into a two-stage feedwater-heating system. The 
method of mounting this small turbine without bearings of its 
own is interesting. There will be in all four units of this general 
type in this plant (built by two manufacturers), two of which are 
operating and all of which embody the feedwater-heating tur- 
bine arrangement. This has been a nice solution to the diffi- 
culty usually associated with superposing in obtaining low-pres- 
sure steam for feedwater-heating purposes, since the existing 
condensing turbines of older design are often not adapted for 
steam extraction. 

Fig. 11 shows the 3600-rpm high-pressure section and the 1800- 
rpm low-pressure section of a 76,500-kw cross-compound con- 
densing and resuperheating turbine which will operate at 2300 
psi, 940 F initial temperature and 900 F resuperheating tempera- 
ture, in the Twin Branch station of the Indiana and Michigan 
Electric Company at South Bend, Ind. This company is one 
in the American Gas and Electric Company group and the engi- 
neering for this extension is being done by the American Gas and 
Electric Service Corporation. These are the highest steam con- 
ditions yet undertaken for commercial service in this country. 


41 “Preferred Standards for Steam-Turbine Generators (of 10,000 
kw rating and above).” Subcommittee on Standardization of the 
National Defense Power Committee, Washington, D. C., Nov. 3, 
1938. 
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Both of these units will drive hydrogen-cooled generators; 
the high-pressure turbine is of the double-shell construction and 
steam is extracted from the turbines at five points for feedwater 
heating. This installation, when in operation, should have the 
lowest heat consumption yet obtained from a steam power 
plant. 

Fig. 12 shows the cross section of the high- and low-pressure 
sections of a 3600-rpm condensing turbine being built for the 
Burlington Generating Station of the Public Service Electric 
and Gas Company, New Jersey, which is designed for 1250 psi 
gage, 950 F initial conditions. These sections are each 50,000 
kw, making a total rated capacity of 100,000 kw for the set, 
with the turbines able to carry 125,000 kw at unity power factor 
on the generators. In order to get adequate leaving area at 3600 


Fig. 11 Cross Sections or HicH- anp Low-PressurE ELEMENTS OF 76,500-Kw Cross-CompouND TURBINE FOR 2300 940 F IniTIAL 
anv 900 F Reneat TEMPERATURE FOR TWIN Brancu StTaTION FoR INDIANA AND MIcHIGAN ELEectric CoMPANY 


rpm, it became necessary, as previously mentioned, to have four 
parallel flows in the low-pressure section, which discharge to 
a single-pass condenser arranged lengthwise under the turbine. 
From the condenser viewpoint, this makes an ideal arrangement 
in many respects, permits close spacing between the high- and 
low-pressure sections, and results in a very compact installation. 

Normally, these two turbines operate as a single cross-com- 
pound turbine with the cross-over pressure fluctuating with load. 
The sections are valved in such a way as to permit emergency 
operation of either one separately. The high-pressure section 
may discharge into a steam header at 200 psi pressure. The 
low-pressure section may operate either through a reducing valve 
from the high-pressure boiler, or from the 200-psi steam header. 
Both generators will be hydrogen-cooled. 
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Fig. 12. Cross Sections oF AND Low ELEeMENTs oF 100,000-Kw Cross-Compounpb 3600-Rpem CoNDENSING TURBINE FOR 1250 Par 
AND 950 F In1T1IAL TEMPERATURE FOR BURLINGTON GENERATING STATION OF PuBLIc SERVICE ELEctrRIC AND Gas Company, New JERSEY 


Fig. 13 shows a cross section of the third of three similar 
vertical compound turbines in operation in the power plant of 
the Ford Motor Company at River Rouge, Detroit. This unit 
recently put in service has hydrogen-cooled generators. The 
first of these turbines operates at 750 F with steam resuperheat- 
ing between the two units; and the second and third operate at 
1250 psi, 900 F initial temperature, with resuperheating between 
the units eliminated. Test results are shown on the last two of 
these units in a later portion of this paper. The first two of 
these vertical compound machines have had a very remarkable 
record from the standpoint of reliability. The third, of course, 
has not yet been in operation long enough for its record to have 
any significance. 

Records submitted by the Ford Motor Company complete 
up to March, 1940, are shown in Table 1. 

Fig. 14 shows the condensing turbine, previously mentioned, 
now being designed for 25,000 kw normal capacity, condensing, 
1300 psi initial pressure, to operate initially at 960 F, utimately 
at 1000 F temperature. It is the first single-cylinder, double- 
shell, condensing turbine which has been designed. The highest 
temperature to be encountered by the rotor, by the turbine dia- 

TABLE 1 RECORDS OF FORD MOTOR COMPANY UNITS 

Units Nos. 1 and 2 


(First vertical compound unit, oticiehy a July 23, 1931, by Mr. Henry 
or 
Total hours down due to no load..............eeeeeeeee 
Outage due to reheater repair, hr...............-000005- 


Units Nos. 3 and 4 
(Second vertical compound unit, officially started July 15, 1936, by Mr. 
Henry Ford 
— hours down, due to no load 


To enerated kwhr .......... 


phragms, or by the main bolt of the turbine shell and the hori- 
zontal joint bolting will be about 890 F at 1000 F initial tem- 
perature and maximum load. This turbine will be installed in 
the Atlantic City Electric Company’s plant, which is in the 
South Jersey System of the American Gas and Electric Company. 


REBUILDING OF OLD MACHINES 


A number of utility companies have found it profitable to 
undertake rather extensive rebuilding of old machines. Some 
of the rebuildings were for greater capacity and higher efficiency 
at the same steam conditions; some to change the frequency from 
25 cycles to 60 cycles, and at the same time secure additional 
capacity; and some to obtain additional capacity, higher ef- 
ficiency, and to operate at higher steam conditions.12 These 
types of rehabilitation are of importance particularly in times of 
depressed business conditions when few new major plants are 
under consideration. 

Sometimes older turbines are rebuilt or modernized to give 
them a new “lease on life,” particularly when they are intended 
to be used from then on as the low-pressure elements of a new 
superposed turbine.!* 

This rejuvenating of old power equipment has undoubtedly 
extended the useful life, at relatively high load factors, of much 
equipment which was formerly considered obsolete and good 
only for peak-load service. 

One interesting rebuilding proposition undertaken and com- 
pleted was the furnishing of complete new internal turbine ele- 
ments for a 160,000-kw cross-compound European-built turbine 
in the Hell Gate plant of the Consolidated Edison Company of 
New York, Inc. 


12 “Modernizing the Connors Creek Power Plant,’’ by S. Crocker, 
Combustion, vols. 6 and 7, 1935, p. 11. 

‘“‘Load-Area Detroit Plant,’’ by P. W. Thompson, Electrical World, 
vol. 106, 1936, p. 2685. 

13““Logan Steam Plant Landmark,” by Philip Sporn, Electrical 
World, vol. 106, 1936, p. 1017. 
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Fig. 15 shows cross sections of the rebuilt high- and low-pres- 
sure elements of this machine as compared to the original design. 

Fig. 16 shows the recent test results of the rebuilt machine as 
compared with tests of the original machine. The generators 
are not of modern design and efficiency, and the turbines as 
rebuilt had a comparatively small number of stages and shorter 
last-stage buckets than the original. 


Tue TREND OF RELIABILITY 


‘The trend of turbine reliability has been toward improvement 
despite the higher steam conditions and the higher operating 
speeds. The figures on turbine outage compiled by the Edison 
Electric Institute each year and published in the Annual Re- 
ports of the Turbine Subcommittee of the Prime Movers Com- 
mittee support this view, as shown in Fig. 17. 


14 “Turbines, Condensers, and Pumps 1939 (A Report of the Tur- 
bines Subcommittee of the Prime Movers Committee, Edison Elec- 
trie Institute).”’ 


Publication No. G7, published Jan., 1940. 
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| 
Fig. 13 Cross Secrion or Turrp 110,000-Kw Verticat Compounp TURBINE INSTALLED IN THE River Power OF THE 
Forp Motor 


Certain difficulties have been experienced on some recently 
constructed turbines, largely in the first stage of high-capacity 
3600-rpm superposed turbines, which have increased the outage 
of these machines during the last year or so. It is felt, however, 
that these difficulties are now fairly well solved, and that this 
factor should not be a major consideration on these turbines or 
on new turbines in the future. 

In spite of this difficulty, however, on eight turbines of this 
type now in operation ranging in capacity from 10,000 kw to 
60,000 kw with a total of 17 machine-years, up to Jan. 1, 1940, 
the unscheduled outage due to all turbine difficulties has been 
6.7 per cent. The unscheduled outage in the last nine months of 
1939 has been 3.6 per cent, which is less than the average of all 
condensing machines. 

Bucket troubles or bucket failures used to be a greater factor 
in turbine outage. Figures published in the 1939 report of the 
turbine subcommittee already referred to indicate that the 
outages from this cause on all turbines reported have been 
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Fie. 14 25,000-Kw, 3600-Rem ConpENSING DouBLE-SHELL TURBINE DesIGNED FoR 1350 Ps1, 1000 F IniT1AL TemMpeRaTuRE, TO BE IN- 
STALLED BY THE ATLANTIC City ELeEctTRIC CoMpANy, AMERICAN GaAs AND E.Lectric CoMPANY 
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Fie. 15 Cross Sections or anp Low-PressurE ELEMENTS OF ORIGINAL AND 160,000-Kw TuRBINE aT THE Heut Gate 
STATION OF THE CONSOLIDATED Ep1son Company or New York, Inc. 
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reduced to less than half what they were ten years ago. This is 
also shown in Fig. 17. 

Fig. 18 is a curve covering the last 16 years which shows the 
average operating life of the original bucket rows in turbines 
built by the author’s company in each year on which diffi- 
culty was experienced. This is the average operating life 
of those buckets only on which trouble occurs. It will be noted 
that with the exception of this last year, in which the influence 
of the first-stage bucket troubles previously mentioned have been 
a contributing factor, and one other year, this curve has gone up 
steadily every year since 1924, and the average life of the buckets 
which gave trouble has been tripled before trouble is encountered. 

One additional difficulty to which the newer larger 3600-rpm 
turbines have been subject during the last two years has been 
in connection with thrust-bearing failures or outages ordered 
for the purpose of permitting changes to prevent future thrust 
failures. Among other things contributing to this difficulty was 
the fact that the greater “out-tangent’”’ effect of the nozzle jet 
on the smaller-diameter wheels lowered the pressure on the 
entrance side of the wheel below the values which had previously 
been calculated. This produced more thrust of the turbine 
rotor against steam flow than had been provided for. Tests 
and analyses made since have, it is believed, permitted a much 
better evaluation of this situation and should prevent future 
trouble. 


Tue TREND OF TURBINE Economy 


The economy with which power can be produced by steam 
from fuel has steadily increased. This has been a result of three 
major factors: 


1 Improvement in steam conditions. 
2 Improvement of the heat cycle through which the steam is 
used. 
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3 Improvement in the basic “engine efficiency ratio’ itself, 
that is, improvement in the percentage of the available energy 
in the steam which the turbine makes usable. 


The improvement in the turbine or engine efficiency ratio has 
resulted from a continuous and comprehensive program of re- 
search and design studies upon the various elements by means of 
which the energy in the steam is turned into useful energy in 
the turbine. Losses at every point have been studied and care- 
fully reduced. 

It is, of course, somewhat difficult in the over-all results to 
sort out the separate influences of the foregoing factors, but some 
indication will be given in the following comparison of several 
turbine tests and guarantees made over the last few years on 
turbines built by the author’s company. 

Figs. 19A and 19B show the results of tests on successive tur- 
bines in the same plant operating at the same steam conditions. 

Fig. 19A shows the nonextraction tests and the corresponding 
guarantees on two turbine generating sets installed in the Val- 
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Fig. 20 ComparativE Heat Consumptions OF VARIOUS TURBINES 


mont plant of the Public Service Company of Colorado; one a 
25,000-kw unit installed in 1926, and the other a 25,000-kw 
3600-rpm unit installed in 1937. Both operate at the same 
steam conditions and have air-cooled generators. The reduction 
in steam consumption when operating nonextraction is about 5 
per cent to 6 per cent, and the total reduction in heat consump- 
tion due to the more efficient feed-heating cycle on the second 
turbine would be even greater. 

Fig. 19B shows the nonextraction steam rates of three tur- 
bines installed in a large central-station power plant; the first 
a 50,000-kw turbine installed in 1927, the second a 75,000-kw 
turbine installed in 1929, and the third a 75,000-kw turbine 
installed in 1937. These turbines are all 1800-rpm machines, 
equipped with air-cooled generators, and operate at the same 
steam conditions. A 5 per cent gain was made between the 
first and the last machine installed. 

Fig. 20 shows the comparative results of successive turbines 
in three different stations. 

Fig. 20A shows a comparison between the heat-consumption 
guarantee on the first 110,000-kw vertical-compound turbine 
generator installed in the River Rouge plant of the Ford Motor 
Company in 1931, on which a complete test was not made, and 
the guarantees and tests of the second and third machines in- 
stalled in this plant in 1936 and 1939, respectively. All are of 
the same capacity and operate at the same steam pressure. The 
first machine had steam-heated resuperheaters, but on the second 
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and third machines the initial temperature was raised so high 
resuperheating could be dispensed with. 

Fig. 20B shows the guarantees and test results of a 208,000-kw 
cross-compound turbine installed by the Chicago District Elec- 
trie Generating Corp. in 1929 operating at 600 psi, 730 F, re- 
superheat temperature 500 F; and the guarantee and test results 
on the recently installed tandem-compound 150,000-kw turbine 
operating at 1200 psi, 825 F, resuperheat temperature 825 F, 
driving a hydrogen-cooled generator and installed in the same 
station. 

This latter turbine generator probably has the lowest heat 
consumption so far obtained, consuming 8460 Btu per kwhr at 
the most economical load. The reduction in heat consumption 
between the 208,000-kw and the 150,000-kw set is about 13 per 
cent. 

Fig. 20C shows the test results of a 63,000-kw cross-compound 
1800-rpm turbine-generator unit operating at 600 psi, 725 F 
initial temperature and 725 F reheating temperature, installed 
in 1926 in the Columbia Park station of the Cincinnati Gas and 
Electric Company, and rebuilt in 1928; as compared with the 
test results on a recently installed 65,000-kw tandem-compound 
turbine equipped with a hydrogen-cooled generator, operating 
at 650 psi, 900 F initial temperature without reheat, installed in 
1938. The improvement is about 10 per cent. This does not 
reflect against the value of resuperheat, but shows the advantage 
of higher temperature, better turbine design, lower leaving loss, 
and the gain from hydrogen cooling. If resuperheating were used 
the economy would be even better. 

Fig. 21 shows the heat-consumption guarantees on successive 
turbine generators sold to two different public-utility companies 
over the last 25 and 13 years, respectively. The differences be- 
tween the first and the last guarantees are some 35 per cent and 
27 per cent, respectively. 


PERFORMANCE OF NONCONDENSING TOPPING UNIts 


Tests have been run recently on six large high-pressure, high- 
temperature, noncondensing turbines. With one exception, 
these turbines have, in general, met their contract guarantees. 
The inherent difficulties of making such tests, and of insuring 
that the turbines are free from boiler solids in new plants have 
not yet permitted obtaining the accurate and uniform results 
which are possible with condensing machines. 

However, over-all test efficiencies of noncondensing turbines 
operating between 1200 psi and 200 psi pressure, based on the 
net energy output of the generator, and the steam conditions 
ahead of the stop valve, were about 79 per cent on 10,000-kw 
sizes with air-cooled generators, and about 84 per cent on 50,000- 
kw turbines with hydrogen-cooled generators. 

These engine efficiency ratios are generally greater for the 
range of energy through which these turbines are operating than 
the over-all engine efficiency ratios of the low-pressure turbines 
into which they are discharging. 

These results, together with those shown in Figs. 19, 20, and 
21, showing results on both high-pressure and low-pressure tur- 
bines, indicate quite definitely that the expected performances of 
the newer high-pressure turbines are being realized. 


CLEANLINESS OF INTERNAL Parts OF TURBINES 


The importance of the maintenance of internal cleanliness on 
turbines during operation cannot be overemphasized. It is of 
no value for the turbine designer to refine the nozzle and bucket 
shape and then to have solids deposit out from the steam and 
reduce the high efficiency so obtained. It is an action similar to 
the more well-known icing up of airplane wings and propellers. 

Variation in load and periodic shutdowns tend to wash the 
deposits out; whereas, base-load machines are apt to build up 
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deposits.!® Washing procedures are available which, if carefully 
carried out, will restore the machine to reasonable cleanliness if 
the deposits are soluble. 

The problem can usually be solved at the source as evidenced 
by the large number of stations in which the turbines seem to 
operate for years without difficulty. In other stations deposits 
build up so rapidly that it is impossible to obtain a reliable test 
immediately after an inspection. 

The solution seems to lie in proper treatment of the feedwater 
and control of carry-over from the boiler drums under each local 
condition encountered. New stations are likely to have this 
difficulty until these problems are solved for their particular 
conditions. 


PART IlI—DETAIL CONSIDERATIONS OF TURBINE 
DESIGN 


NUMBER OF STAGES AND CYLINDERS OR CASINGS 


The proper number of stages for best economy and the proper 
number best to meet the other requirements of design and first 
cost have been a question on which turbine designers have differed 
greatly among themselves and from time to time. It is now quite 
definitely established, on the basis of both research work and 
analysis from fundamental hydrodynamic principles, that turbine 
stage efficiencies generally: 

(a) Increase as the radial height of the nozzle and bucket of 
the stage is increased, other conditions remaining fixed. 

(b) Are relatively constant for a given stage with varying 
steam velocity (if the ratio of bucket to steam speed is held con- 
stant), but tend to be somewhat lower at lower velocities and 
highest near the velocity of sound. 

(c) Are likely to decrease with smaller wheel diameters, bucket 
length and speed remaining constant. 

Specific nozzle and bucket designs may change these relations, 
but they are generally safe rules to follow with contemporary 
design practice. Item (a) indicates that if the number of stages 
in a turbine is increased, and, hence, since the total bucket speed 
is limited, the diameters are reduced, and the bucket lengths in- 
creased, then the efficiency will be increased. On the other hand, 
(b) and (c) indicate that some of this gain may be lost by the 
lower steam velocities and smaller wheel diameters so encountered. 

Furthermore, in an actual turbine design, experience seems to 
indicate that the diaphragm and high-pressure packing radial 
clearances which can be maintained between the rotating and 
stationary elements are a function of the span between bearings, 
actually appearing to be, based on measurements on modern 
turbines equipped with turning gears and after good commercial 
operation, about 2 mils per foot of shaft span between bearing 
center lines. This factor puts a rather definite limit at around 
20 to the number of stages which can be carried advantageously 
between one pair of bearings. 

Where a turbine must be double flow in the low-pressure tur- 
bine, it can be divided advantageously between two different 
bearing spans; but to divide a single-flow machine in order to 
secure the increased efficiency of the larger number of stages and 
the shorter, smaller shafts so permitted, may introduce other 
losses, such as cross-over pressure drop, and extra bearing and 
external packing losses, so as to neutralize much of the gain ex- 
cept in turbines for higher pressures. 

The result of all of these factors has been that it has been pos- 
sible to develop compact single-cylinder turbines which compare 
very favorably with two- and three-cylinder tandem-compound 
turbines both as to economy and reliability. 


15 ‘Power Station Chemistry 1937 (A Report of the Power Station 
Chemistry Subcommittee of the Prime Movers Committee, Edison 
Electric Institute)."’ Publication No. E10, September, 1937. 
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Fig. 23. Typtcat Group or BucKETSs 


Nozz_es AND DIAPHRAGMS 


Nozzles and diaphragms are the transverse walls which sepa- 
rate the stages, withstand the stage pressure drop, and carry the 
directing nozzles through which the pressure drop is changed to 


Fig. 22. Typicat anp Low-PreEssurRE DIAPHRAGMS 


& speed increase in the steam stream, which is in turn directed 
onto the moving buckets by the nozzles. 

These elements are all important from the standpoint of tur- 
bine efficiency, and have been the object of a comprehensive 
research program both in this country and abroad extending over 


the last twenty years, and still being actively pursued.'* This 
research work has resulted in a great improvement in the ef- 
ficiencies of the nozzles used in actual turbines and hence in an 
improvement in the over-all efficiency of the turbine generator 
set. 

The mechanical design of these elements is also of equal and 
coordinate importance. They must be strong enough to with- 
stand terrific mechanical forces of both a steady and a highly 
periodic character, ofttimes at high temperatures; and, since 
they carry the diaphragm packings, they must stay accurately 
centered with the shaft. In order to do this effectively they 


16 “*The Turbine Designer’s Wind Tunnel,”’ by H. L. Wirt, Me- 
chanical Engineering, vol. 47, 1925, pp. 13-17. 

“‘A Machine for Testing Steam-Turbine Nozzles by the Reaction 
Method,” by G. B. Warren and J. H. Keenan, Mechanical Engineer- 
ing, vol. 48, 1926, pp. 227-232. 

The six reports of the Steam-Nozzles Research Committee: 


First report, Proceedings of The Institution of Mechanical 
Engineers, 1923, vol. 1, January-June, p. 1. 

Second report, Proceedings of The Institution of Mechanical 
Engineers, 1923, vol. 1, January-June, p. 311. 

Third report, Proceedings of The Institution of Mechanical 
Engineers, 1924, vol. 1, January-May, p. 455. 

Fourth report, Proceedings of The Institution of Mechanical 
Engineers, 1925, vol. 2, May-December, p. 747. 

Fifth report, Proceedings of The Institution of Mechanical 
Engineers, 1928, vol. 1, January-May, p. 31. 

Sixth report, Proceedings of The Institution of Mechanical 
Engineers, 1930, vol. 1, January-May, p. 215. 


“Some Researches on Steam-Turbine Nozzles Efficiency,” by H. L. 
Guy, presented at the Institution of Civil Engineers, London, 1939, 
Sir Charles Parsons Memorial Lecture. 

“‘An Investigation of Energy Losses in Steam-Turbine Elements 
by Impact Traverse Static Test With Air at Subacoustic Velocities,” 
by Winston R. New, Trans. A.S.M.E. vol. 62, 1940, pp. 489-502. 


“Automatic Integrating Pressure Traverse Recorder for Study of 
Flow Phenomena in Steam-Turbine Nozzles and Buckets,”’ by H. 
Kraft and T. M. Berry, Trans. A.S.M.E., vol. 62, 1940, pp. 479-488. 
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must be supported so as to stay centered within 10 mils, if pos- 
sible, despite total heat expansions at their outer diameters of 30 
times this value. Fig. 22 shows typical nozzle diaphragms for 
high- and low-pressure sections of the turbines. 

The manufacture of these parts is a highly specialized process. 
It differs radically for the higher- and lower-pressure diaphragms. 
The former are fabricated by welding and the latter by casting. 

First-stage nozzles are subjected to particularly difficult condi- 
tions because of: (1) High pressure drop, particularly at lighter 
loads; (2) the high temperature at which they operate; and 
(3) the requirements of steam flow which make it undesirable 
to increase the exit edge thickness unduly. Furthermore, it 
has been found that the first-stage buckets react on the nozzle 
edges, and so produce violent alterations of the pressure drop 
across the nozzle edges, and at frequencies which may reach 
from 6000 to 20,000 per second. 


BuckEtTs 


Buckets are the elements of turbines which are attached to 
the wheels or rotor and which convert the energy in the moving 
steam stream into power on the wheel rim. 

The more general problems of last-stage bucket designs have 
been discussed in Part II of this paper because of the immediate 
bearing upon the entire turbine design. 

In the shorter impulse buckets, the basic design from the 
steam standpoint has changed but little in 35 years despite the 
results of much research work. This is probably due less to 
the present excellence of the general design than to the inherent 
difficulty of carrying out the research and isolating the various 
factors, since the moving buckets and stationary nozzles are so 
interrelated. Research now in progress may alter this situation, 
however. 

Longer buckets, owing to inherent lower steam leakage, are 
generally improved in efficiency by being designed for some pres- 


Fie. 24 Visration Testing Macuine WITH TypicaL OsciLLoGRAPH REcorRD or TxsTs 
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sure drop across them, partaking, particularly at the tip, of 
nozzle characteristics, and so have been improved by the years 
of highly fruitful nozzle research. 

With buckets the problems of mechanical design and manu- 
facture have been of paramount importance, particularly from 
the standpoint of turbine reliability. Here perfection has been 
obtained only by painstaking research” into the vibration char- 
acteristics of such structures, supplemented by the use of design 
strength factors based upon a complete statistical record and 
analysis of past bucket troubles and past successful operation. 

Fig. 23 shows a group of typical buckets for both 1800-rpm 
and 3600-rpm turbines. ‘The particularly rugged characteristics 
of the design and attachments of some of the buckets should be 
noted, as well as the difference in character between the root and 
tip shapes of the longer buckets. 

The shape and proportions of the attachments or ‘dovetails’ 
have been worked out analytically, supplemented by photoelastic- 
stress analysis and pull and vibration tests to destruction of 
full-size samples. 

Finally, all large 1800-rpm bucketed turbine wheels and 
typical 3600-rpm wheels are tested for vibration characteristics 
and tuned to run “off resonance” in the wheel-testing machine 
shown in Fig. 24. More than 110,000 oscillograph films similar 
to that shown have been obtained, analyzed, and recorded. 

Buckets which cannot be protected by this tuning method, 
which in general includes most buckets under 10 in. in length, 
must be protected against vibration by being made strong enough 
to run, if necessary, “‘on resonance.” 


7 “The Protection of Steam-Turbine Disk Wheels From Axial 
Vibration,” by Wilfred Campbell, Trans. A.S.M.E., vol. 46, 1924, 
pp. 31-60. 

“Tangential Vibration of Steam-Turbine Buckets,”” by Wilfred 
Campbell and W. C. Heckman, Trans. A.S.M.E., vol. 47, 1925, pp. 
643-671. 
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Tests indicate that for a given bucket wheel the amplitude of 
resonant vibration generally increases in proportion to the load 
being carried. Statistical experience accumulated by an analysis 
of results obtained on about 10,000 wheel-years of operation 
indicates quite definitely that the liability of reaching vibration 
stresses in the buckets on such wheels which will produce failure 
is reduced to the vanishing point when the buckets are made 
strong enough in relation to the loads carried. It is essential, of 
course, that the other details of design and construction be uni- 
formly and properly carried out. 


Rorors 


The rotor, aside from the buckets, might be considered as the 
aggregate of the shaft and the wheels which carry the buckets, 
together with the rotating elements of the packings. 

Rotors for 1800-rpm turbines are generally made of a shaft 
with wheels separately shrunk on and packing rings. The 
wheels in the low-temperature section are keyed to the shaft. 
In the higher-temperature sections it has been found necessary 
to be sure that the wheels are able to leave the shaft under the 
combined influence of centrifugal force and a sudden increase in 
temperature, and at the same time stay central and drive the 
shaft. This is accomplished by a so-called ‘‘pin bushing.” 
The bushing is keyed to the shaft, and the wheel hub is attached 
to the bushing itself by a number of radial pins, 

Two refinements which have resulted in great improvement 
in the operation of this type of turbine are: (1) Making the 
keys discontinuous, that is, a separate key for each wheel, which 
does not extend under the packing ring between adjacent wheels; 
and (2) the undercutting of the packing sleeves to reduce the 
heat passed into the shaft due to accidental rubbing of the pack- 
ings. 

3600-Rem TURBINES 


Rotors for 3600-rpm turbines are generally machined from a 
solid forging. This obviates the difficulties associated with 
separate wheels and packing sleeves, and secures a short rigid 
rotor which permits operation of such high-speed turbines below 
the calculated critical speed. These rotors have shown great 
stability under changing load and temperature conditions. 

This rotor construction also possesses an important inherent 
advantage in the ease with which it is heate.! 
surface. 


jue to its extended 
This gives it an automatic ‘‘en: !ovosening” effect in 
that during starting the axial clearanes are opened up without 
change of the thrust-bearing position. The close proximity of 
the diaphragms prevents the rotor’s cooling faster than the shell 
on shutting down and so prevents a tightening of the clearances. 

A refinement in manufacture which has materially contrib- 
uted to smoother operation of turbines under service conditions 


Fig. 25 Typican Horizontau Joint FLANGE AND BOLTING 


Fie. 26 MaaGnirieEp PHOTOGRAPH OF TURNED AND MILLED THREADS 
ON StupD 


is the so-called ‘‘heat stabilizing” of the shafts. Every shaft or 
rotor on the turbines under consideration receives this test and 
treatment which is as follows: 

After a shaft or rotor is rough-machined it is put in a special 
lathe in an electrically heated furnace and slowly heated while 
being revolved, and it is carefully indicated for “runout” during 
the heating. Most normal shafts will increase their runout 
5 to 15 mils in this process until a temperature of 700 F to 900 F 
is reached, at which some kind of a readjustment takes place, 
probably on the machined surfaces, which permits the shaft to 
come back to a “hot runout” of not more than 1 to 2 mils more 
than its “cold runout,” and on being cooled its runout does not 
change greatly. On putting such a shaft through a second heat- 
ing its runout will not go through this cycle, but will go to the 
hot-runout condition directly. Some shafts will have a large 
hot runout which cannot be corrected this way. Such a shaft or 
rotor must be reheat-treated, and if this does not correct the 
condition, it must be rejected, otherwise the balance of the tur- 
bine in which it is used would be seriously different in the hot 
and cold condition and would change with load. 

All wheel and solid rotor forgings must be metallurgically 
sound, and are checked following final machining by the magna- 
flux method. 


FLANGES 


The horizontal flanges by which the upper and lower halves 
of the shells are joined are perhaps one of the most important 
parts of the turbine design. This joint must remain tight despite 
temperature and pressure conditions and changes. It must 
permit of being dismantled, and reassembled, and still remain 
tight; and this without the aid of gaskets. 

Fig. 25 shows a typical shell flange. The bolts are put in as 
close to the inner diameter as possible, and still leave sufficient 
metal between the inner flange wall and the bolt hole, generally 
around lin.asaminimum. This requires a flange of great depth. 
The flange is given a sizeable “‘toe” or portion beyond the bolt. 
Studies carried out several years ago on rubber models indicated 
definitely that this configuration resulted in relatively low bolt 
stresses while at the same time it kept the joint tight at the 
cylinder bore. 

The nuts are made cylindrical, with the “hex” on top, which 
permits a smaller hex and hence smaller wrenches. This in 
turn permits a closer spacing of the bolts than is possible with 
nuts of the conventional type. 

Joints of this type when properly “scraped to fit” appear to 
hold steamtight when the stress in the bolts is about 1'/; to 2 
times that required to overcome the bursting pressure on the 
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inner cylinder diameter. The ‘‘softness’’ or elasticity of the 
flange resulting from its depth and high compressive loading 
must make the two faces conform to each other much as two 
pieces of rubber would at pressures within our ordinary experi- 
ence. 

In the design of high-pressure turbine shells it is important 
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that abrupt changes of diameter be avoided as much as possible, 
particularly to avoid a small “waist”’ between two larger sections 
because the normal permanent distortions which accompany 
heating and cooling are of such a nature as to cause the flange to 
want to open up at this small waist portion. Also, projecting 
inner walls or rings attached to the shells should be avoided if 
possible because they tend to heat up faster than the shell and 
so by expansion, force the joint open. 

A manufacturing refinement which has been introduced into 
the manufacture of the bolts and studs is to mill these threads on 
a special machine rather than to turn them as was formerly 
done. Fig. 26 shows a magnified section of the threads on studs 
on which the threads have been turned, and on which they have 
been milled. The superior quality of the milled thread is appar- 
ent. 
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Two further refinements are: (1) To plate the threads of the 
nut with a thin copper coating; and (2) to make the clearance 
between the nut and stud somewhat larger than normal, about 
5 mils on 1-in-diameter and 10 mils on 3-in-diameter studs. 
Both refinements seem conducive to ease in removing nuts from 
studs after use. 

All studs over 2 in. in diameter are made hollow to permit heat- 
ing for ease in setting up and loosening. 

A refinement recently introduced is illustrated in Fig. 27. 
This shows, first, a nut and stud combination in which the threads 
are of the usual parallel construction, and second, a nut and stud 
in which the threads on the nut are machined on a taper, shown 
exaggerated in the figure, of course. In the nut with the parallel 
threads the load must of necessity be concentrated on the first 
few threads, if not even on the first, because of the tendency of 
the remaining portion of the stud to stretch away from, and the 
nut to compress away from, the load with resultant overstressing 
of the portion of the stud adjacent to this first thread. The 
tendency of the nut to stretch circumferentially tends to reduce 
this concentration,'® but the freedom to stretch circumferentially 
is reduced in the nuts on studs which are set up by heating. 
In studs screwed into castings rather than into nuts, such con- 
centration of loading is very pronounced. This concentration 
of stress has caused some studs to crack at the bottom of the 
nut or where entering the casting. If, however, threads on the 
nut or casting are cut on a proper taper, as shown, the threads 
at the end of the stud are loaded first, and when tight the loading 
is more uniformly distributed. The taper is sometimes put on the 
threads of the stud. Such tapered threads also reduce the con- 


Fig. 29 Typican Stop AND ConTROL VALVES FOR TURBINES FOR 
HicH PRESSURES AND TEMPERATURES 


centration of stress if the studs are not perfectly aligned with the 
threaded holes. 

Fig. 28 shows three typical circular flange joints: First, that 
used on stop-valve bonnets; second, the type commonly used 
on control-valve bonnets; and third, as used in pipe runs where 
welding is undesirable because of dismantling requirements. 


“The Distribution of Load on the Threads of Screws,” by 
J. N. Goodier, Journal of Applied Mechanics, vol. 7, March, 1940, p. 
A-10. 
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These joints all use a narrow, thin, soft iron enclosed gasket. 
The gasket is usually made about equal to the net cross-sectional 
area of the bolting. It is desirable oftentimes both to reduce the 
bolt circle diameter and to put in as many bolts as possible; 
the new cylindrical nut with the hex on top permits this. 

The bolting shown on the stop-valve bonnet embodies a unique 
feature in that washers of about the same depth as the bolt diame- 
ter are used under the nuts. These have a cross section equal 
to that of the studs at the roots of the threads. The elastic 
system of washer and stud then has about three times the flexi- 
bility it would have if the nut rested directly upon the valve 
bonnet. This has proved useful in keeping the joint tight under 
conditions of a violent drop in temperature such as might follow 
priming of the boiler, and its use might advantageously be ex- 
tended to other types of joints, but so far the need has not been 
apparent. 

These joints have been successfully used for some time at pres- 
sures up to 2000 psi and 925 F, and practically no leakage diffi- 
culties have developed. 

VALVES 

Fig. 29 shows typical control and stop valves used on large 
high-pressure high-temperature machines over a number of years. 
The streamlined or venturi-type valve was tested and first intro- 
duced about 1926, and has been refined in design and construe- 
tion and applied to the entire line of turbines since then. 


Fig. 30 anp NEw STRAINER DESIGN 


The seat is a rounded-entrance venturi tube, of great me- 
chanical rigidity, and shaped so as to regain a substantial portion 
of the velocity-head drop through the opening. The valve proper 
is made a stream-flow shape, but that portion which engages 
the seat when closed is made a portion of a sphere, so that when 
closed it is as though a ball were dropped in a hole. Line con- 
tact is made with great pressure on the joint and inherent tight- 
ness results without grinding. If the valve should be injured 
it can be made tight again by remachining or stoning to a surface 
of revolution. The smooth flow at partial opening seems to be 
conducive to the maintenance to the valve surface, and special 
materials do not seem to be required. 

Stuffing boxes in the older sense of the term have been elimi- 
nated and close-clearance metal bushings are used with one or 
two leak-offs. Nitrided stems and bushings are used up to 950 


F, and there is some experience to indicate that this material 
may be satisfactory above this point, although research work has 
been under way for some time to determine the properties of 
other materials at these higher temperatures for this application. 
Hardness seems to be one of the essentials. 

Experience over several years with more than a thousand valves 
of this type in service indicates that the difficulties usually associ- 
ated with such parts have been reduced now to a small fraction 
of those previously encountered. 


STRAINERS 


Strainers, although they are seldom-thought-of parts of a tur- 
bine, play a most important function in keeping harmful foreign 
material out of the turbine blading system. Fig. 30 shows a 
strainer which has been battered and broken by small portions 
of material, probably welding wire left in the piping or super- 
heater. In the older type of strainer this material was free to 
circulate around the outside of the strainer and to be blown back 
against the wire by the incoming steam, probably millions of 
times, until finally the wire was simply peened “‘in two” on the 
edge of the backing-plate holes opposite the incoming steam pipes. 
In the new design the strainer is made solid at this point, and a 
dam is placed in the chamber outside the strainer so that recir- 
culation is not possible, and the particles will be trapped. No 
strainers of the new type have been battered through. 


HypRAULIC SERVO-MECHANISMS TO ACTUATE CONTROL VALVES 


The forces required to operate the control valve on large tur- 
bines are very great, although generally less on high-pressure 
machines than if the pressures were lower and other things equal. 
On the other hand, the tendency toward single-seat, stream- 
lined, and hence unbalanced valves, together with the greater 
speed of operation required to prevent over-speed on loss of load 
by the high-output, light-rotor, 3600-rpm turbines, has aggra- 
vated this problem, and increased the power which the hydraulic 
valve-moving mechanism must have. 

One method of meeting this demand for more hydraulic power 
has been to raise the operating oil pressure from the usual 125 psi 
to 250 psi, since by so doing greater output can be obtained in 
proportion to the energy put into the pilot valve by the governor. 
Another has been to relay the power of the centrifugal governor 
through a separate oil cylinder as has been common practice on 
governors for hydraulic turbines. 

A typical hydraulic mechanism on a large turbine is shown in 
Fig. 31. In modern turbines this mechanism is completely en- 
closed in either the oiltight turbine bearing pedestal or in the oil 
tank under the front end of the turbine. In this way the oil 
fire hazard incident to exposed high-pressure oil piping has been 
made negligible. 

The two-diameter piston is helpful in increasing the speed 
with which the valves can be closed, and is possible since the 
forces required to close the valves are less than half those re- 
quired to open them. 

Fig. 32 shows in diagrammatic form the governor and control 
system of a typical turbine of this type. Two important and 
rather recent aids to good operation are shown. The first is the 
hand wheel for operating the control valves in starting shown at 
A. The throttle valve has become a stop valve and has no 
intermediate setting between open and closed. In order to 
start the machine the hand wheel A is set in the closed position, 
and the stop valve opened to admit steam to the valve chest. 
The turbine can then be started on the control valves by turning 
wheel A toward the open position. Incidentally, steam is saved 
during the start, and the exhaust hood of the turbine heated 
more gently. When up to speed the speed governor takes over, 
but cannot open the control valves to a position greater than 
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that for which wheel A is set. Thus, the starting wheel becomes 
a valuable “‘load limit’? which may be used to set the maximum 
load that a turbine may suddenly take on so as to protect boilers 
and other parts, or it may be used to set the load at any desired 
value for base-load operation of a particular turbine. 

The second new device is called, for lack of a better name per- 
haps, the “magnetic pull-out.” It is the invention of West 
Coast utility engineers, and has been applied on turbines re- 
cently delivered to one of these companies. In some systems 
connected with water power a major problem in steam-turbine 
operation is to operate the steam turbines safely as ‘spinning 
reserve;” i.e., to carry as little load on them as possible, but 
yet have them able instantly to pick up what load is required by 
an emergency. If the load is set down to the desired low value 
on the ordinary governor an increase in system frequency will 
cause the steam valves to be closed, the generator to “‘motor,”’ 
and, hence, the turbine may overheat. If a fixed by-pass is put 
in to prevent this, it may jeopardize the ability of the operating 
and emergency governor to control the turbine overspeed on loss 


Fic. 31 Typicat Hypravtic MEcHANISM SHOWING Two-DIAMETER OPERATING Piston To SEcuRE Quick VaLve Ciosina, ALso Com- 
PLETE ENCLOSURE OF Parts CARRYING HiGH-PrREssuRE O1L TO Repuce Fire Hazarp 


of heavy load. This new device is an adjustable magnetic link 
by which the governor may be set at any desired position, and 
then pulled down to the desired light load by the adjustable 
magnetic link. Any slight increase in frequency will have no 
effect, but a predetermined drop in frequency, which indicates 
need for this machine, will cause the governor to break the 
magnetic link, and the turbine will immediately take on what- 
ever load the governor and frequency demand or the load limit 
may be set for. 

Large turbines when operating as such spinning reserve have 
picked up load successfully from '/29 to full load in one minute’s 
time. Proper precautions were taken to see that dry steam was 
supplied during the process, 


Pieine 


The general precautions taken against oil fires are: (1) To 
make all parts carrying oil under pressure of steel, with every 
possible precaution taken to insure against breakage or leaks; 
and (2) in addition to enclose all oil pipes or other parts carrying 
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oil under pressure when adjacent to the high-temperature end 
of the turbine either within the oil tank, the turbine pedestals, 
or within the drain pipes. These seem to have been very effec- 
tive in preventing oil fires. 


BEARINGS 


A very complete description of the ‘‘tapered-land” type of 
thrust bearing used was given in a recent paper.'* The journal 
bearings frequently are operated at 220 psi pressure based on the 
projected area. Recent research work has made possible a 
considerable reduction in the air entrapped in the oil in its passage 
through the bearing which should have many favorable results. 


CovupLinas 


Experience has generally indicated that the flexible couplings, 
formerly used to connect turbine and generator rotors, are not 
only unnecessary, but also undesirable from the operation and 
maintenance viewpoints. It is now common practice to connect 


” “Thrust Bearings,” by F. C. Linn and R. Sheppard, Trans. 
A.8.M.E., vol. 60, 1938, pp. 245-252. 


the rotors solidly together from one end to the other, with but one 
thrust bearing. Certain tandem-compound machines are ex- 
ceptions to this rule. With correct bearing support the stability 
of operation is enhanced; the first cost and the maintenance 
costs are both reduced when compared to the use of flexible 
couplings. 


PACKINGS 


Fig. 33 shows cross sections through both typical high-pressure 
and diaphragm packings on a modern turbine. The rings are 
cut in four to six segments and are held in grooves usually cut in 
the shell or diaphragm. Each packing segment is backed by a 
flat plate spring of a special high-temperature alloy which has 
been found to hold its tension. The shoulder in the groove pre- 
vents the segments’ being pushed against the shaft. Up to about 
850 F the rings are cut from a special centrifugally cast lead 
bronze, which has been found to have a low coefficient of fric- 
tion when it comes in contact with the shaft, and to rub away 
readily. Above this temperature ribbons of pure nickel are set 
into a steel backing ring. 
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Fig. 33. Typicat HigH-PREssURE SHAFT AND DIAPHRAGM PACKINGS 


The outer seal on both ends is a water-seal packing of the 
usual type. 

This general type of packing has been in use on hundreds of 
turbines for several years, and has been by far the most successful 
type of packing which has been used. Its stationary elements 
are readily pushed out of the way by a crooked shaft on starting, 
and, if rubbed to a large clearance at any time, can be readily 
reset, on opening the turbine, to the original clearance, or re- 
newed if necessary. 


TURNING GEARS 


All modern large turbines are now equipped with turning 
gears for the purpose of keeping the rotors rotating slowly during 
warming up, during cooling off, and generally during shutdown 
periods extending up to several days when it is expected that the 
turbine may be started again. 

These turning gears have been of such great value that about 
80 have been sold for installation on older turbines. If the 
packings are refitted when this is done, a very appreciable gain 
in economy is made. 

Fig. 34 shows, in general terms, the reduction in starting time 
that can be made with the use of a turning gear. Actual times 
cannot be given because they vary so much from turbine to tur- 
bine and for different conditions, but it is believed that generally 
the relationships are correct. 

It has not been found necessary to use high-pressure oil to 
lift the journals off their bearings when using a turning gear. 
A low-pressure motor-driven oil pump is used which floods the 
bearings with about half their usual flow of oil through the regular 
oil piping. The turning gear is then made powerful enough to 
start the rotor and rotate it at from 1'/, to 3 rpm. Sufficient 
lubn. >+ion seems to reach the bearing surfaces to prevent damage 
to jou.uals. A brightening of the babbitt in the bottom of the 
bearings generally results. 


MATERIALS 


This subject is both too broad and too specialized, as well as 
too controversial, for more than a brief discussion here. A great 
amount of research work is being carried out all over the world 
pertaining to the properties of materials for use at high tempera- 
tures.2° Much original research work has also been done by the 
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laboratories and the turbine engineering departments of the 
General Electric Company pertaining to turbine and power-plant 
materials. As rapidly as possible this is being shared with the 
many other workers in this important field, not only for their 


“Compilation of Available High-Temperature Creep Character- 
istics of Metals and Alloys.” Compiled by Creep Data Section of 
Joint Research Committee on Effect of Temperature on the Proper- 
ties of Metals (Joint Committee of A.S.M.E. and A.S.T.M.), March, 
1938. 
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help, but primarily for their critical examination and discussion." 
Out of all this work on materials for higher temperatures 
have come a few generally accepted principles: 


1 The addition of '/; per cent to 1 per cent molybdenum is 
desirable for low-cost materials that will withstand temperatures 
up to 1000 F. 

2 On these steels certain grain sizes, obtained by heat-treat- 
ment, seem to be desirable at the higher temperatures. 

3 Elimination of “duplex” and dendritic microstructure. 

4 Avoidance of use of aluminum in the refining process seems 
very desirable. 


Research work started several years ago, first at the Univer- 
sity of Michigan,*? and somewhat later at the General Electric 
Company,’ has introduced a new conception, however, as to the 
conditions necessary for the safe design of parts subjected to high 
temperatures, 

Generally, designs for high temperature were predicated upon 
the ‘creep rate,” and it was thought that if this was kept within 
certain values safety was assured. Furthermore, it was generally 
thought that the plastic flow introduced by creep would safely 
take care of stress concentrations which might exist. These 
later tests have indicated that rupture of parts subjected to high 
temperatures and stress follows rather definite time-temperature- 
stress relationships, and that strains which formerly appeared 
satisfactory may no longer be so if the parts are to have a 
useful life of, say, 100,000 hours. Further, these rupture tests 
indicate that materials when operating at high temperatures 
must be handled much as “brittle’”’ materials like cast iron are 
treated at lower temperatures; i.e., concentrations of stress 
should be avoided as far as possible. 

One result, for instance, of this latter viewpoint is that, whereas 
creep considerations alone indicated that cold straining of a pip- 
ing system might not be necessary since “creep would soon re- 
lieve it anyway,” these slow tests to rupture indicate that if 
much strain is necessitated by slow adjustments to some local- 
ized overstressed conditions, cracks might be started. This could 
be guarded against by cold-straining the piping system nearly to 
its hot condition. 

On the other hand, the result of all of this research work has 
been to lend assurance that when the stresses are kept within the 
present allowable standards determined for the temperatures 
and materials under consideration and for structures such as 
turbines in which the clearance considerations have always re- 
quired very low creep allowances, safe operation will be assured. 
There is reason to believe that in general the stresses now in use 


21 “Flow of Steels at Elevated Temperature,’’ by F. P. Coffin and 
T. H. Swisher, Trans. A.S.M.E., 1932, APM-54-6, p. 59. 

“Stability of Steels Under Stress at Temperatures Up to 1000 F 
(as reviewed by a turbine designer),”” by Ernest L. Robinson, 
Metal Progress, Sept., 1935, vol. 28, pp. 34-39, 78. 

“The Creep of Steels as Influenced by Microstructure,”’ by L. L. 
Wyman, Mechanical Engineering, vol. 57, 1935, pp. 625-627. 

‘Actual Grain Size Related to Creep Strength of Steels at Elevated 
Temperatures,’ by S. H. Weaver, Proc. A.S.T.M., vol. 38, Part II, 
1938, pp. 176-196. 

“Fracture of Steels at Elevated Temperatures After Prolonged 
Loading,” by R. H. Thielemann and FE. R. Parker, Trans. A.I.M.E., 
Class C, Iron and Steel Division, vol. 135, 1939, p. 559. 

22 “The Fracture of Carbon Steels at Elevated Temperatures,”’ by 
A. E. White, C. L. Clark and R. L. Wilson, Trans. American Society 
for Metals, vol. 25, September, 1937. 

“The Rupture Strength of Steels at Elevated Temperatures,” 
by A. E. White, C. L. Clark, and R. L. Wilson, Trans. American 
Society for Metals, vol. 26, pp. 52-80, March, 1938. 

% “Fracture of Steels at Elevated Temperatures After Prolonged 
Loading,” by R. H. Thielemann and E. R. Parker, Trans. A.I.M.E., 
Class C, Iron and Steel Division, vol. 135, 1939, p. 559. Technical 
Paper No. 1034. 


at 900 F may be more conservative in relation to the materials 
used than were those used ten years ago at 750 F. 

There are, however, in addition to obtaining further rupture 
data, three rather important aspects of the action of steam at 
high pressures and temperatures on materials which will have to 
be cleared up before we can go much further. These have to do 
with: (1) The fatigue properties of metals; (2) the resistance to 
oxidation; and (3) the possible weakening effects of structural 
changes brought about by the surrounding conditions. Studies 
and investigations which are under way and in preparation with 
respect to these factors together with the additional progress 
promised by the metallurgists may still further extend our limits 
of safe operation. 


CONCLUSION 


The steam-turbine power plant is the most efficient means 
which we now have commercially available for transforming the 
energy of our great solid-fuel resources into the power which 
plays such an important part in the lives of us all. The value 
and growth of the fuel-burning power plants will probably in- 
crease in the years to come with the complete utilization of our 
definitely limited water-power resources. The steam turbine 
has maintained its position of leadership by the ease with which 
it can be made to produce large quantities of power economically. 
The progress in turbine design and construction, some of which is 
outlined in this paper, has been a necessary part of the main- 
tenance of this position, and the further progress which appears 
possible indicates that the steam turbine will probably maintain 
its leadership for a great many years to come. 


Discussion 


M. W. Bensamin.** Two matters of special interest are shown 
by the several performance curves included in the paper. The 
first is that turbine designers are now able to predict performance 
with much greater certainty than in years past. As an example, 
one may compare the test and guarantee curves of Fig. 19B, with 
those of Figs. 20B, 20C, and 21. These curves show definitely 
the trend toward reducing the margin between guarantee and 
actual performance from a value of some 3 or 4 per cent a decade 
ago to around 0.5 to 1 per cent as of today. It is of value in de- 
signing a plant to know that turbine performance as guaranteed 
may be counted upon so accurately, since it permits closer cal- 
culations on optional investments for improved plant efficiency. 

A second point of interest in the paper is presented in Figs. 20C 
and 21, which show that the most satisfactory choice of throttle 
steam conditions depends not only upon fuel costs and loading 
conditions but also upon the plant designers particular prefer- 
ence as to how the available money is to be spent. In Fig. 20C, 
a 65,000-kw tandem-compound hydrogen-cooled machine, operat- 
ing on 650-psi steam, has a heat rate about 200 Btu per kwhr 
lower than that of a 75,000-kw single-casing air-cooled machine, 
operating at 815 psi gage. Exhaust pressures, throttle tempera- 
tures, feedwater temperatures, and number of feed-heating stages 
are essentially the same for both units. As between the tandem- 
compound unit of Fig. 20C, and the 80,000-kw, 1250-psi unit of 
Fig. 21, the increase in pressure from 650 psi to 1250 psi produces 
only 150 Btu per kwhr improvement in turbine heat rate. As 
between the 60,000-kw 600-psi gage 825 F unit, the 75,000-kw 
815-psi gage 900 F unit, and the 80,000-kw 1250-psi gage 900 F 
unit of Fig. 21, it is evident that two thirds of the improvement 
possible between 600 psi gage 825 F and 1250 psi gage 900 F can 
be obtained by increasing the pressure only one third of the way; 
that is, 215 psi, and the temperature 75 F. Thus the advantages 


24 Engineer, Engineering Division, The Detroit Edison Company, 
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of improved turbine design, low leaving loss and hydrogen cooling 
are in direct competition with improved performance obtained 
through increases in steam pressure. 

Users of large turbines are grateful to the author for this pa- 
per. As it is restudied and re-examined the facts presented will 
take on added significance to the general benefit of all steam- 
power engineers. 


C. B. CampsE.u.* Attention is directed to the author’s state- 
ments regarding the desirability of adopting 3600-rpm turbine 
designs within their practical capacity range. The writer takes 
this opportunity to support his conclusion. With high steam 
pressures and temperatures, in particular, it seems axiomatic that 
the small high-speed unit should be superior to the 1800-rpm tur- 
bines both as to reliability and sustained high efficiency. Actual 
operating experience with 3600-rpm turbines exceeding 15,000- 
kw rating is limited to a relatively short period of time, but such 
conclusions as can be drawn to date are distinctly favorable. 

The author refers to moisture erosion of high-tip-speed exhaust- 
end blading of condensing turbines. Centrifugal moisture re- 
moval and stellite shielding, combined with shrouded and airfoil- 
section-tipped blades has relegated this problem to one of second- 
ary importance in modern turbines. But slight erosion has been 
found after 2 years of service with blades having tip speeds of 
1256 fps in steam having a nominal moisture content of 12 to 13 
per cent. 


M. K. Drewry.** That modern turbines merit cleaner steam, 
and never any water, is certainly an appropriate admonition. 
An ill-advised standard of boiler-water treatment has and ap- 
parently will continue to cost the power industry enormous 
sums in unnecessary coal because of the carry-over it promotes. 
To achieve “chemically pure’”’ turbine blading is worth much 
effort. 

That turbine manufacturers must provide for large quantities 
of water (‘‘priming”’) in high-temperature high-pressure turbines 
is not creditable to boiler design or boiler operation. For 900 
F turbines to receive ‘‘shots” of water should be considered as 
serious, for instance, as water in the generator. Boiler-water- 
level control continues to be a most important item in plant 
operation. 


Artuur McCutcuan.” The author’s statement to the effect 
that the subject of materials for high-temperature service is con- 
troversial cannot be questioned, but the “few generally accepted 
principles” listed are certainly far from acceptance. These 
principles are discussed as follows: 

1 The value of adding molybdenum to secure greater creep 
strength is well substantiated, although the addition of chromium 
also appears desirable from both the corrosion and strength stand- 
points, if temperatures as high as 1000 F are involved.** 

2 It has been reasonably well established that a fairly large 
grain size obtained by control of melting practice is desirable. 
Attempts to secure large grain size by heat-treating naturally 
fine-grained steels have proved disappointing as far as creep 
resistance is concerned.?* 


28 Manager, Land Turbine Engineering, Westinghouse Electric & 
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27 Engineer, Engineering Division, Detroit Edison Company, De- 
troit, Mich. Mem. A.S.M.E. 
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3 The so-called dendritic structure observed in wrought 
molybdenum is otherwise known as “acicular’”’ or Widmanstitten 
structure and is associated with the best creep resistance so far ob- 
tained in creep tests on molybdenum steels.** Instead of elimi- 
nating this structure, the present tendency is to try to retain it 
by substituting normalizing for the present annealing treatment 
after fabrication of grain-size-controlled molybdenum pipe. The 
effect of “duplex” grains on creep strength remains a disputed 
point among metallurgists. 

4 In producing the present larger grain-size material, mill 
practice is to add 1 lb of aluminum per ton rather than 2 lb, as 
in former practice. This reduction can hardly be said to represent 
“avoidance of the use of aluminum.” 


The rupture tests referred to by the author demonstrate only 
what has been known for many years, namely, that the majority 
of materials, if slowly stretched at high temperatures, fail by 
intercrystalline rupture with little plastic deformation. It is 
misleading to imply that material becomes brittle or like cast iron 
under such loading, since the material, if rapidly tested at room 
temperature after a period of service at high temperature, will 
show practically its original ductility. 

The relief of excessive bending stress through creep is a relaxa- 
tion phenomenon similar to that encountered in bolting or re- 
laxation-creep tests. The writer would like to know if the author 
has encountered failure under any type of relaxation loading. Be- 
cause of the initial and fairly large adjustment which occurs in 
the first few hundred hours at temperature, there is little reason 
in the writer’s opinion to fear any occurrence that could be re- 
motely related to intercrystalline failure as far as bending stress 
is concerned. 


T. C. Ratupone.*! The chart Fig. 18 of the paper, represent- 
ing for each year the average length of service of original rows of 
turbine buckets on which trouble was reported, is interesting. It 
is assumed that the figure for each year represents the mean time 
for the aggregate of all buckets which have given trouble during 
that year. Thus, for 1938, the figure of approximately 10 years 
is taken to represent the average of a number of cases, ranging 
from buckets that had been installed relatively recently to buckets 
that had been in service 20 or 30 years. 

The definition of “trouble” probably includes erosion and cor- 
rosion as well as fatigue failure in either the bucket proper or its 
root. The interesting point is that fatigue failures can occur after 
so many years of operation. The popular conception of failure 
by fatigue involves stress reversals or fluctuations with intensities 
exceeding the appropriate endurance limit, and this limit is com- 
monly defined as the value which the S-N curve approaches 
asymptotically, which is roughly after 10,000,000 or 15,000,000 
cycles. 

Assuming a nominal bucket-vibration frequency of 500 per 
sec and a turbine use factor of 8000 hr per year, the tota] num- 
ber of bucket vibrations accumulated would be about 150,000,- 
000,000. Peterson*? has reported fatigue failures after 100,000,000 
cycles, but some other explanation seems necessary to account 
for failures occasionally experienced where the stress cycles reach 
astronomic numbers. 

Either some change has been brought about just prior to failure 
to alter the bucket frequency into a closer approach to the 
resonant condition, such as by changes in the mass of the bucket 


30 ‘Quick Determination of Limiting Creep Stress,’’ letter by Walter 
Rosenhain, Metal Progress, Feb., 1932, pp. 65-66. 

31 Chief Engineer, Turbine and Machinery Division, The Fidelity 
and Casualty Company of New York, New York, N. Y. Mem. 
A.S.M.E. 

32 Research Department, Westinghouse Electric & Manufactur- 
ing Company, East Pittsburgh, Pa. 
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by erosion, or in the root-fastening condition; or else the reso- 
nant amplitudes are built up only during some transient operating 
condition, such as at an infrequent partial load, or at some 
lower speed which is passed through only when the unit is taken 
out or placed in service. The critical condition may occur at an 
overspeed which is transited only on the occasion of the infre- 
quent overspeed tests to check the emergency governor. Thus, 
years may be required to accumulate a sufficient number of 
cycles at stresses slightly above the endurance limit to bring 
about failure. 

The curve, Fig. 18, represents only the bucket rows which have 
given trouble. It would be interesting to supplement this chart 
by means of a suitable ordinate to show the relation between 
rows in trouble and total rows in service. This would give a 
better perspective of the problem, and would emphasize the re- 
markably small percentage of buckets which have given trouble. 

It is gratifying to note the number of older turbines that have 
been equipped with turning gear. These installations represent 
worth-while investments. In addition to the gains mentioned 
by the author, namely, the reduction of starting time and gain 
in economy, the turning gear also eliminates the hazard of rub- 
bing and excessive vibration when the unit is brought to speed. 

The first turning gears, in the development of which the writer 
participated, were designed to rotate the spindle about 25 rpm. 
Experiments** were made with an elaborate setup for recording 
low speeds accurately, to find the point on drifting down to stand- 
still at which the bearing oil films first began to break down. This 
was determined by the break in the deceleration curve. Values 
from 10 to 18 rpm were found, depending upon the oil and tem- 
perature. A speed of 25 rpm was selected as being safely above 
this point. Some fear was then entertained that wiping might 
occur at lower speeds. 

The disadvantage of the gears for this speed was that they had 
to be engaged at exactly the proper moment on drifting down, as 
the spindles could not be started from a standstill by the gear, un- 
less an auxiliary high-pressure bearing oil system was installed. 
Otherwise, it was necessary to turn over the rotor with steam. 

It was later found that turning gears could be operated at 
much lower speeds, apparently with no difficulty from wiping, 
and gears turning the spindle at only 1 or 2 rpm are able to start 
rolling from a standstill without high-pressure oil. 

When turning gears on central-station turbines were first in- 
troduced, the urge to eliminate the starting-up rubbing and 
damage to packing and blade tips caused by distortions was about 
as vital as the desire to reduce the starting-up time after a short 
shutdown. When the unit is standing hot after a shutdown 
the stratification of hot gases, collecting at the top of the casing 
distorts both the rotor and the cylinder into an upward bow, 
reaching @ maximum in say 8 hr. 

If the distorted rotor is turned over '/; revolution in this condi- 
tion, the radial clearance, between its parts and the upward-dis- 
torted cylinder parts is at a minimum. Cylinder distortion al- 
though of secondary importance may yet be of concern. 

At 25 rpm, the fanning action of the blades tends to whip the 
gases around the cylinder and prevent cylinder distortion. At 
1 to 2 rpm, no such benefit would seem to be possible. The writer 
would like to inquire whether there has been any experience in- 
dicating difficulty from cylinder distortions with the slow-speed 
gear? 


A. M. Setvey.** The problem of moisture in the lower turbine 
stages becomes more and more important with every increase in 


33 ‘*Turbine-Shaft Distortion Corrected by Spindle Rotation,” by 
T. C. Rathbone, Electric Journal, vol. 28, Feb., 1931, pp. 91-95. 

34 Engineer, The Detroit Edison Company, Detroit, Mich. Mem. 
A.8.M.E. 


throttle steam pressure. It is well known that moisture has 
two detrimental effects on turbine performance (1) the erosion 
of buckets, and (2) the reduction in stage efficiency. Because 
structural materials for turbine buckets are not yet available 
which will withstand the action of higher exhaust-moisture con- 
tents, the turbine designer must limit them to about 12 to 15 per 
cent. This situation is an appreciable handicap since, with the 
high stage efficiency and high steam pressure and temperature 
obtaining today, up to 20 per cent moisture could be formed 
within the turbine with a large attendant increase in over-all 
efficiency, despite the reduction in stage efficiency due to the 
extra moisture. While there is a small loss of efficiency, due to 
the braking effect of the extra 5 to 7 per cent of moisture present, 
it represents only 4 to 5 per cent of the additional energy liberated 
by the moisture formation. Every 1 per cent of moisture formed 
in the turbine releases approximately 10 Btu per lb of steam flow. 

With the publication of W. M. Meijer’s recent paper, on 
“The Extraction of Condensate From Expanding Steam,”’® the 
attractive possibilities of moisture withdrawal from the lower 
turbine stages was again brought to notice. Turbine designers 
have been striving for many years to develop and perfect con- 
venient mechanical means of moisture separation, preferably 
without cumbersome equipment external to the turbine. With 
the accomplishment of this desirable operation, it will become 
more practicable for power-plant designers to increase throttle 
steam pressure and temperature. Until such time, there is slight 
advantage in adopting high steam pressure and temperature, if 
turbine efficiency must be sacrificed to keep exhaust moisture 
within bounds prescribed by bucket erosion. 


CUMULATIVE PERCENTAGE OF 
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Fie. 35 Maximum BEetrreRMENT IN TURBINE PERFORMANCE 
ATTAINABLE THROUGH MoIsTURE WITHDRAWAL 


(Infinite number of feedwater heaters and stages of boiler feed pumps; 

regeneration to throttle saturation temperature; zero heater-terminal 

difference; condenser pressure, 1 in. Hg; no generator or mechanical losses; 
dry-stage efficiency 84.5 per cent; throttle temperature, 900 F.) 


Fig. 35 of this discussion shows the maximum reduction in tur- 
bine heat rate obtainable by complete moisture withdrawal for 
the throttle conditions and cycle noted. The cumulative total 
amount of moisture withdrawn also is indicated. To obtain an 
equivalent of the 300-Btu per kwhr reduction in turbine heat 
rate, attendant upon complete moisture withdrawal at 1500 psi 
abs, the throttle steam pressure would have to be increased to 
2600 psi abs. It is understood that considerable benefit in re- 
duced heat rate obtains even when moisture withdrawal is only 
partial and not complete. It should be pointed out that, when 
moisture withdrawal and increased steam pressure go hand-in- 
hand, sizable cumulative saving may be realized. 

It is to be hoped that Dr. Meijer’s paper will quicken the in- 


% “The Extraction of Condensate From Expanding Steam,” by 
W. M. Meijer, Journal of the Institution of Naval Architects, London, 
vol. 81, 1939, pp. 36-48. See also Engineering, p. 416, April 7, 1939, 
and Combustion, August, 1939. 
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terest of turbine manufacturers in the possibility of moisture 
withdrawal to the end that they will actively attack the problem 
with a view to more fully realizing the advantages to be gained 
therefrom. 


Purp Sporn.** This is not only an excellent paper, broad in 
scope, but also an excellent answer to those who either bemoan 
lack of opportunity for making further progress in the power- 
production field or who would prefer to go back to the days in 
power-plant design when pressures and temperatures were fixed 
at 200 lb and 550 F. It is also an answer to those individuals who, 
without the necessary knowledge, take a set of unrelated figures 
and attempt to prove that the summation of a series of coordi- 
nated progressive steps constitutes a retrogression. 

In part 1 of the paper, Figs. 2 and 3, which show so well how the 
large 3600-rpm turbine and hydrogen-cooled generator have aided 
the cause for higher pressure and temperature (and plant per- 
formance), are noteworthy. Perhaps few appreciate that “it is 
doubtful if it would be practical to design a 1200-rpm turbine of 
reasonable efficiency to operate at 1200 lb pressure 950 F.”’ Per- 
haps it is not common knowledge that large 3600-rpm generators 
of over 25,000 kw capacity were not available before 1935. 

In part 2, a striking use of comparative illustrations indicates 
the development of the double shell. The top cross section of 
Fig. 8 shows the front end of the Logan 40,000-kw turbine, the 
first turbine to have a double shell. Below is shown the 60,000-kw 
Windsor turbine, the first to have the ‘‘valve-in-head”’ design. 
When each of these turbines was opened, the close clearances 
found to have been maintained by the diaphragm and shaft 
packings were remarkable. The bottom cross section shows the 
25,000-kw turbine for the Missouri Avenue plant of the Atlantic 
City Electric Company. All of these units are on the systems of 
the American Gas and Electric Company. 

Since it is “details’’ which are most important in a design, 
part 3 of the paper is particularly interesting. Piping and 
valve designers could well take advantage of the ideas expressed 
on bolting threads, as well as the use of washers under stop- 
valve-bonnet bolts. The replacement of valve-stem packings by 
close-clearance metallic bushings might well be extended to more 
general use. 

An additional special ‘detail’? which might be mentioned is 
the initial pressure regulators developed for the Windsor and Twin 
Branch turbines which protect the boilers (and, hence, the tur- 
bines) against too great a pressure drop which might cause carry- 
over and too rapid cooling of drums and other thick parts. We 
are also using such a regulator for the Atlantic City and Philo 
turbines. 

A large number of the turbines described will soon come on the 
line or are already in operation. We hope that a paper will be 
presented at a future meeting summarizing actual operating ex- 
perience with these, and new developments in design, resulting 
from that experience. 

The author points out the stabilization of design speeds at 3600 
rpm for some time to come. While this is so, we hope and believe 
that no stabilization will occur in other fields. Certainly, all 
should maintain the same spirit of inquiry and resourcefulness 
evidenced in this paper by the author and his associates. Such 
an attitude will assure not only more reliable but also more 
economical turbines. 


AvurHor’s CLOSURE 


In reply to Mr. Benjamin’s comments, it would be misleading 
if the results of the tests shown in Figs. 19 and 20 were compared 
with the guarantees shown in Fig. 21, particularly for such small 


3¢ Vice-President and Chief Engineer, American Gas and Electric 
Service Corporation, New York, N. Y. Mem. A.S.M.E. 
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JANUARY, 1941 


differences as the 1 and 2 per cent differences mentioned by Mr. 
Benjamin. A companion paper presented at the same meeting 
jointly with Mr. Knowlton*’ is designed to permit a more defi- 
nite appraisal of the relative fuel consumptions as between 
turbines of comparable design for different steam conditions, 
with and without hydrogen cooling and with different leaving 
losses. 

It is, of course, true that the improvements due to tandem 
compounding or other improved turbine-design features, low 
leaving loss, and hydrogen cooling might be considered as in 
competition with comparable gains which can be obtained by 
higher steam conditions. However, it would seem that it might 
be better to consider that on the whole these might be used to 
supplement each other. 

Supporting Mr. Campbell’s statement that the erosion 
problem on the last-stage buckets has been relegated to “‘one of 
secondary importance in modern turbines,” it might be of interest 
to state that four last-stage buckets of airfoil section at the tip 
have been in operation at 1201 fps with a theoretical moisture 
content of 13 to 14 per cent for an average of 8'/2 years and with- 
out sufficient erosion to warrant replacing, or any serious re- 
duction in efficiency. These blades did not have stellite erosion 
shields. 

The writer can only indorse the stand taken by Mr. Drewry 
with respect to the desirability of keeping water out of a turbine 
However, the fact remains that this has happened in a number 
of cases in the past, even with relatively modern steam condi- 
tions and boilers, and it has been our intention to do everything 
possible in connection with the design of the turbine to minimize 
the detrimental effects if it does happen. It is quite probable 
that a turbine designed with these drastic conditions in mind, 
if it can be designed so as to withstand such severe service, will 
be a better turbine to withstand the much less severe but ordi- 
nary variations in temperature incident to rapid load changes 
and rapid starts. 

Making allowance for a somewhat different use of words, the 
author finds himself for the most part in agreement with the com- 
ments offered by Mr. McCutchan. Indeed, his discussion con- 
stitutes an amplification of the author’s very brief review of the 
principles controlling high-temperature strength. 

1 Chromium was not mentioned by the author because its 
beneficial characteristics are effective throughout a wide range of 
temperatures. 

2 The author welcomes Mr. McCutchan’s more complete 
statement about grain size. As a matter of fact, any adequate 
discussion of this subject might well cover an entire article by 
itself. 

3 The objectionable dendritic microstructure referred to by 
the author might perhaps better have been called dendritic segre- 
gation or banding. It is visible to the naked eye and is alto- 
gether different from the acicular microstructure which gives 
high values of creep strength in ordinary creep tests. There is no 
disagreement about these matters once the meaning of the terms 
is cleared up. By duplex microstructure the author referred to 
the presence of large grains and small grains at the same time, and 
he is not aware that any metallurgist regards such an arrangement 
as desirable. 

4 The author agrees with Mr. McCutchan that a reduction 
of aluminum addition from 2 to 1 lb has not gone very far in this 
direction. The present evidence is that such mills as still make 
these large additions of aluminum can improve the high-tem- 


“Relative ‘Engine Efficiencies’ Realizable From-Large Modern 
Steam-Turbine-Generator Units,” by G. B. Warren and P. H. 
Knowlton, presented at the Semi-Annual Meeting, June 17-20, 
1940, of The AMERICAN Society OF MECHANICAL ENGINEERS. 
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perature quality of their product by further alteration of their 
deoxidation practice. 

Mr. McCutchan’s remarks with reference to the rupture test 
are welcome. While it is true that the intercrystalline char- 
acter of such rupture has been known for a long time, the dis- 
covery of a definite stress-time relationship whereby it is possible 
to assign working stresses with a definite margin of safety dates 
from the first paper on this subject presented in 1936 by C. L. 
Clark** of the University of Michigan and published the follow- 
ing year. 

The author did not say that the material becomes brittle, but 
that it ‘‘must be handled much as brittle materials.” In reply 
to Mr. McCutchan’s question, the author would say that no ac- 
tual failures have been encountered in service under any type of 
relaxation loading, although it is necessary to note that in a few 
cases bolts have had to be replaced after repeated dismantling 
and reassembly. The author hopes that Mr. McCutchan’s 
optimism with reference to bending behavior is justified. 

Mr. Rathbone’s analysis of the situation leading to bucket 
failures after 10 years or more of operation is probably correct. 
The definition of trouble does include erosion and corrosion as 
well as fatigue failure in either the bucket proper, its root, the 
shroud band, or the tie wire. The bulk of the buckets in trouble 
have been those designed before the method of proportioning 
described in the paper was developed and applied. The number 
of buckets which have given trouble is only a small fraction of 
the total in service. Upon careful consideration at the time the 
paper was written it was thought that the presentation of the 
information contained in Fig. 17 was a better presentation of this 
matter than any records of our own would be. 

With respect to Mr. Rathbone’s statements regarding the 
turning gears, the question of the proper speed for turning gears 
has been a matter of discussion for years. The low speed adopted, 
as Mr. Rathbone states, has been primarily because of the greater 
simplicity in design and operation attainable with the lower 
speeds. So far as the author is aware, there have never been 
any difficulties attributable to insufficient speed of the turning 


gears on the types of turbines described in the paper, that is, on 
turbines with relatively short shafts and shells, with large radial 
clearances at the bucket tips and with packings having spring 
backing. Packing measurements on some machines during in- 
spection have indicated slightly more clearance at the bottom of 
the diaphragms in the middle of the shaft length than on the 
sides or top, such as might be due to an upward bow in the casing, 
and this might indicate the desirability of a higher turning gear 
speed. It is probable that this will be one of the developments 
of the next few years. 

As pointed out by Mr. Selvey, turbine designers have devoted 
much attention for many years to constructions which will drain 
moisture from the various turbine stages or cross-over connections 
during operation. The gains are, of course, very substantial 
but must be balanced against the increased capital costs which 
would be required, particularly if attempts are made to extract 
the moisture from cross-over connections between turbine casings 
or, if the turbines were divided into various casings to permit ex- 
traction of moisture from the pipe connections in between. One 
means of eliminating the moisture which was quite commonly 
used a few years ago, before the advent of higher initial tempera- 
tures, was resuperheating. There is much evidence to indicate 
that resuperheating may have definite economic advantages 
even with modern high initial temperatures. As pointed out by 
Mr. Campbell, erosion is not a major problem in modern tur- 
bines, and it has never been necessary with steam conditions now 
in use to sacrifice turbine efficiency ‘‘to keep exhaust moisture 
within bounds prescribed by bucket erosion.” 

Mr. Sporn’s comments regarding the value of the paper are 
appreciated. No reference to the initial-pressure regulator was 
made in the paper because at the time the paper was in prepara- 
tion this device was in the process of development with Mr. 
Sporn’s organization. However, this regulator was recently 
described in an article** in the technical press. 

3 ‘Recent Development in Turbine Governing to Meet Special 


Conditions,”” by R. J. Caughey, Combustion, June, 1940, vol. 11, pp. 
27-29. 
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Hydraulic Couplings for Internal- 
Combustion-Engine Applications 


By N. L. ALISON,! R. G. OLSON,? ann R. M. NELDEN? 


This paper deals with hydraulic couplings of the hydro- 
kinetic type used for the transmission of power from 
internal-combustion engines in marine, traction, and in- 
dustrial applications. The units described are of the two- 
element type, having a one-to-one torque ratio, and al- 
though mention is made of certain applications of the 
hydraulic torque converter, such as the original Fottinger 
speed transformer, the detail discussion is confined to 
the two-element transmitter or hydraulic coupling. 


with internal-combustion engines was made in the geared 

Diesel cargo ship Vulcan in 1923. Since that time its field 
of application has been constantly widening and this paper has 
been prepared in an effort to record some of the developments 
that have been made, as well as to explain some of the basic 
characteristics and principles of this type of drive. Because of 
the wide scope of the paper, embracing marine, traction, and in- 
dustrial applications, it makes no attempt to go deeply into the 
problems discussed, but rather to outline the way hydraulic 
couplings are used and the results obtained. 

Both hydraulic couplings and torque converters are of the 
hydrokinetic type and have their origin in the Féttinger speed 
transformer invented by Doctor Féttinger when on the engineer- 
ing staff of the Vulean Company in the early 1900's. The 
Féttinger transformer was used as a speed reducer between a 
marine steam turbine and a propeller, providing a speed reduc- 
tion of about five to one with an efficiency in the neighborhood of 
85 per cent. Prior to the introduction of the helical reduction 
gear the Vulcan Company produced Féttinger speed transformers 
aggregating about 220,000 hp, but because of the higher effi- 
ciency and lower cost of the helical gear it completely replaced the 
hydraulic type. 

The development then remained at a standstill for a number of 
years, until Dr. Bauer, marine engineer and director of the Vul- 
can Company, foreseeing the scope for the high-speed geared 
Diesel engine, perfected the two-element transmitter on the 
Féttinger principle, but with a one-to-one torque ratio. This 
became known as the “Vulcan coupling” and when combined with 
mechanical gearing was called the “Vulcan gear.” 

The next important period in the development of the hydraulic 
coupling began in 1928, when Harold Sinclair, of Isleworth, Eng- 
land, in cooperation with the Vulean Company adapted the 
fluid circuit to two new designs of couplings: (1) The “‘traction”’ 
type for automotive applications, and (2) the ‘‘scoop-tube”’ 
type for variable-speed industrial applications. The American 
participation began in 1932. 


y YHE first installation of the hydraulic coupling in connection 


‘General Manager, Hydraulic Coupling Division, American 
Blower Corporation, Detroit, Mich. 

* Staff Engineer, Hydraulic Coupling Division, American Blower 
Corporation, New York, N. Y. 

* Test and Development Engineer, Hydraulic Coupling Division, 
American Blower Corporation, Detroit, Mich. Jun. A.S.M.E. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of THe American So- 
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1—MARINE APPLICATIONS 


Although the field for the application of the hydraulic coupling 
has now extended to include practically every use of the internal- 
combustion engine, as well as numerous electric-motor drives, 
it was first used aboard ship and the marine engineer has con- 
tributed much to its development and present wide acceptance. 

To take advantage of the lower weight, higher efficiency, and 
smaller space requirement of the medium-speed and high-speed 
Diesel engine, and at the same time profit by the higher efficiency 
of a low-speed propeller, the need arose for a reduction element in 
the propulsion system. As far back as 1908 mechanical reduc- 
tion gears were used for this purpose. The earliest installation 
on record is a side-wheel boat on the river Volga in Russia, but 
it was not until after the World War that geared Diesels were 
used in ships with screw propellers. The first installations of 
this type were made in Germany, utilizing submarine engines 
that had been completed after the close of the World War. 
Although the first of these installations made with the engines 
connected to the gears through mechanical couplings proved 
successful, the general acceptance and wide use of this method of 
drive began when Dr. Bauer evolved the idea of connecting the 
engines to the gears by means of hydraulic couplings. Since that 
time more than 75 commercial vessels have been equipped with 
this method of drive, and at the end of 1939 the combined com- 
mercial and naval applications were in excess of two million horse- 
power. 

As used in marine applications, the hydraulic coupling consists 
of two radially vaned rotating elements known as the primary 
and secondary rotors, one of which is connected to the engine 
crankshaft and the other to the shaft of the pinion gear. There 
is no mechanical connection between the driving and the driven 
members and power is transmitted by the kinetic energy of the 
fluid which circulates between the radial passages in the rotating 
elements. A cover known as the secondary-rotor housing, en- 
closing the back of the runner to retain the working fluid, is 
bolted to and rotates with the impeller. Fig. 1 shows the im- 
peller and runner, while Fig. 2 is a section through the hydraulic 
coupling and pinion of a typical marine gear. Fig. 3 shows a 
diagrammatic arrangement with two medium-speed Diesel 
engines connected through helical gears and hydraulic couplings 
to the propeller shaft. 

Referring to Fig. 2, it will be seen that the hydraulic coupling is 
enclosed in a stationary casing which is, in turn, connected to a 
sump tank. A motor-driven pump delivers oil from the sump 
tank through a hole in the pinion shaft into the working circuit 
of the coupling. When it is desired to disconnect one or the 
other engine from the gear, the oil inlet valve is closed, and 
the coupling empties through calibrated nozzles provided in the 
periphery of the secondary-rotor housing. 

The fluid used is mineral lubricating oil, and it is customary to 
use the same oil in the coupling as is used for reduction gear or 
engine lubrication. Frequently the coupling sump tank is com- 
bined with the gear or engine sump tanks. 

The functions performed by the hydraulic coupling in con- 
nection with geared Diesel marine drives are as follows: 


(a) Prevents the transmission of torsional vibrations, thus 
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Fig. Hyprautic CoupLinG AND Pinton GEAR OF A TYPICAL MARINE INSTALLATION 


Fic. 1 IMPELLER AND RUNNER OF A HypravuLic CouPLING 


completely divorcing the vibrating system of the engine from that 
of the gears, propeller, and shafting. 

(b) As there is no mechanical connection between the driving 
and driven members, the coupling protects the engine and gears 
from damage due to sudden shock loads which might result from 
the seizure of a piston or in case the propeller becomes fouled. 

(c) Permits rapid declutching so that in the case of a multiple- 
engine drive, an engine can be readily disconnected when minor 
repairs are required at sea, or when it is desired to operate the 
vessel at reduced speed for extended periods. Engines can also 
be operated in port for warming up and adjustment without being 
connected to the propeller shaft. 

(d) Large clearances between rotating members provide a 
considerable degree of flexibility and make extremely accurate 
alignment unnecessary. 

(e) By regulating the quantity of oil in the working circuit, 
the coupling can be used to provide variable speed, such as might 
be required in the case of hopper dredges, fishing boats, or vessels 
operating in shallow rivers. 


FLUID DRIVE 


REDUCTION 
OIESEL ENGINES 


PROPELLER 


Fic. 3 Two Mepium-Speep ConNecTED THrovuGH Hy- 
DRAULIC COUPLINGS AND HELICAL REDUCTION GEARS TO A PROPELLER 
SHAFT 


PERFORMANCE 


Exhaustive tests conducted abroad as well as in this country 
show that the efficiency of the marine coupling always equals 100 
minus the slip in per cent and that the torque input is equal to the 
torque output for all conditions of speed and filling. Although 
the coupling can be selected to operate with a slip as low as 1 
per cent, corresponding to an efficiency of 99 per cent, it is cus- 
tomary in marine service to use couplings having a slip of between 
21/, and 3 per cent in order to keep down the over-all diameter. 
As the power required by the oil-circulating pump amounts to 
approximately !/, per cent of the engine horsepower, the over-all 
efficiency of the coupling will be approximately 97 per cent. 
Since the rotating members are totally enclosed and all bolts are 
shrouded, loss due to windage is negligible. 

Slip is the difference in speed between the driving and Rites 
members of the coupling, measured in per cent. Therefore, if 
the engine speed is 500 rpm and the slip of the coupling is 3 per 
cent, the output shaft speed will be 485 rpm. An important 
characteristic is that the slip remains practically constant for all 
engine speeds, due to the fact that the power-transmitting capac- 
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Fic. 4 Svraces in THE MANUFACTURE OF HyprRav.Lic CouPLINGs 


Fie. 5 Rotating MemsBers oF Hypravutic ror HiGH- 
Speep INSTALLATIONS ARE MACHINED Souip Steet Biocks 


ity of the coupling and the power required by the propeller both 
vary as the cube of the speed. 


CONSTRUCTION 


Hydraulic couplings are built of welded steel, cast iron, or cast 
steel, according to the requirements of each installation. For 
use with high-speed Diesel engines, where relatively light weight 
and low WR? are desirable, welded couplings are generally used, 
while large low-speed couplings such as are now being used in 
U. S. Maritime Commission C-2 cargo vessels are of cast con- 
struction. Due to the smoother surfaces and the thinner vanes 
of the welded couplings their slip is somewhat lower, especially 
in the smaller sizes, but in the case of large low-speed couplings 
this difference in slip becomes negligible. In all sizes, the lower 
slip of the welded couplings can be compensated for by only a 
small increase in the diameter of the cast couplings. The latter 
construction is appreciably lower in cost and is more readily adapt- 
able to the higher WR? requirements of the low-speed engine. 

Fig. 4 shows a welded steel coupling during various stages of 
fabrication. The view on the left shows the die-formed bowl or 
shell of a coupling impeller before the radial blades are welded 


in place. The center view shows the bowl with the long and 
short blades in place, while the right-hand view shows a completed 
runner after the semicircular sections, forming the core ring, 
have been welded in place. 

For extremely high speeds, such as are encountered where the 
hydraulic coupling is used as a disconnecting clutch between the 
main and cruising turbines in certain types of naval vessels, 
the rotating members are made from solid steel blocks, the radial 
passages being machined out by a milling operation, as shown 


in Fig. 5. After this machining operation is completed, the small 
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steel sections, which form the semicircular core ring, are welded 
in place. 

When the coupling is used for driving engine-attached scaveng- 
ing blowers, and cast construction is used, the driving member 
may be made of cast aluminum as a means of keeping the WR? 
of this member as low as possible. 


RELATION OF OutTPUT TORQUE AND SLIP 


Fig. 6 shows a set of curves from which coupling slip and engine 
speed may be determined for any condition of operation where 
two or more engines are connected to a single propeller through 
hydraulic couplings and reduction gears. The curves are drawn 
up on the basis of 3 per cent coupling slip with all engines operat- 
ing and the propeller absorbing designed torque. It will be 
noted that in addition to the propeller curve representing designed 
torque, two additional propeller-torque curves are shown, one 
based on 125 per cent, the other 150 per cent of designed torque, 
to indicate a possible foul-bottom condition or the ship operating 
with a heavy tow. 

To illustrate the use of the curves we can assume a two-engine 
drive with both hydraulic couplings operating with 3 per cent 
slip, assuming designed torque on the propeller. The curve 
shows the propeller torque varying as the square of the speed, 
and on this basis the slip of the hydraulic couplings will remain 
approximately constant at 3 per cent for all engine speeds. 

Therefore the curve for 3 per cent slip and the brake-horse- 
power curve intersect on the graph at 100 per cent torque and 
100 per cent engine speed. By moving horizontally to the left 
on the graph from this point of intersection to the 125 per cent 
propeller-torque curve, thence vertically downward to the brake- 
horsepower curve, a point is reached which indicates that at 125 
per cent propeller torque the slip of the couplings increases to 
3.7 per cent, and the engine speed drops to 90 per cent. For 
150 per cent propeller torque, the coupling slip is 4!/2 per cent 
and the engine speed has dropped to about 82 per cent of full 
speed. 

Now, if the hydraulic coupling connected to one of the engines 
is emptied and the ship continues under way on the remaining 
engine, the input torque will be about 0.5, the slip of the coupling 
will be in the neighborhood of 6 per cent, and the engine speed 71 
per cent, assuming that the propeller torque is in accordance with 
the designed requirement. 


SPECIAL COUPLINGS 


Fig. 7 shows a hydraulic coupling of the double or twin type 
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which is used in certain marine installations where space limita- 
tion does not permit using a standard single coupling. This 
design permits decreasing the outside diameter of the rotating 
parts in the neighborhood of 15 per cent, so that, for example, 
instead of using a size-42 single coupling for transmitting 900 hp 
at an engine speed of 700 rpm, a size-36 coupling of the double 
type can be used. 

In the coupling shown in Fig. 7 the two primary members A 
are connected to the driving shaft, while the secondary rotors B, 
carried by the drum C, are flanged to the secondary shaft D. 
The position of the two members can be reversed so that the pri- 
mary becomes the secondary, and vice versa, without any loss of 
transmission efficiency or change in performance. Also, the 
outer member can be mounted directly on the engine flywheel 
as is done in the case of standard traction couplings, and a ball or 


‘ 


Fic. 8 A Scoop-Tuse HyprRautic CouPLinG 
roller bearing can be located in the center of the coupling to hold 
the primary and secondary rotors in proper relation to each other. 

A type of coupling widely used for variable-speed drive in 
connection with constant-speed motor applications is the scoop- 
tube type shown in Fig. 8. In addition to the primary rotor A, 
secondary rotor B, and rotor housing C of the regular marine 
couplings, this coupling has a second rotor housing EZ, known as 
the “outer casing.” A stationary scoop tube F, supported by an 
external manifold, is located in the chamber formed between the 
inner and outer casings. Calibrated leak nozzles in the pe- 
riphery of the inner casing allow oil to leak continuously from 
the coupling working circuit into the scoop-tube chamber. The 
oil is thrown out through the nozzles by centrifugal force, due to 
the rotation of the coupling, and this oil is picked up by the scoop 
tube from whence it is delivered through an oil cooler and back 
into the working circuit. The action of the scoop tube can be 
compared to the scoop under a steam locomotive picking up water 
out of a trough. 

The scoop-tube coupling is provided with an oil pump driven 
by a reversible motor, and this pump serves to fill or empty the 
coupling when it is desired to clutch or declutch. When variable 
output speed is desired the hydraulic coupling can be operated 
with the working circuit only partially filled, and by this means 
speed regulation can be obtained over a range of five to one. 
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The reversible pump only operates when it is desired to add to or 
remove oil from the coupling circuit, and at all other times the 
pump remains idle and circulation through the oil cooler is main- 
tained by the action of the scoop tube. If desired, the scoop 
tube can be arranged to discharge directly into the sump tank 
with the motor-driven pump operating continuously to make up 
the oil which circulates through the nozzles and scoop tube. 
Where this method of control is used, declutching is accomplished 
by closing the oil inlet valve and allowing the scoop tube to drain 
the working circuit. 
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9 VARIABLE-SPEED PERFORMANCE CURVE 


(Curve A-~propeller horsepower. Curve B—hydraulic-coupling input 
horsepower with engine running at maximum speed. Curve C—hydraulic- 
coupling input horsepower with engine running at 50 per cent speed.) 


As in the case of other designs of hydraulic couplings, either 
the inner wheel or the outer wheel carrying the two casings can be 
connected to the engine shaft and the other member to the gear 
or propeller shaft. 


VARIABLE-SPEED OPERATION 


Although hydraulic couplings of both the scoop tube and scoop 
control types are used extensively for the variable-speed drive of 
fans, turboblowers, pumps, as well as machines requiring con- 
stant torque, the characteristics of the coupling when used for 
variable-speed propeller drive are perhaps not so well known. 
Curve A in Fig. 9 indicates the power required by a ship propeller 
in percentage of full power over a range from 100 per cent down to 
zero speed assuming that the load varies as a cube function of the 
speed. Curve B shows the power input to the hydraulic coupling 
based on the assumptions that the engine is running at maximum 
speed and the regulation of propeller speed is obtained entirely 
by varying the quantity of oil in the coupling circuit. It will be 
seen that the power input drops off rapidly and that the difference 
between curve A and curve B, representing the loss of power in the 
hydraulic coupling, varies from a maximum of 16 per cent of full 
power at 65 per cent speed to approximately 5 per cent at 20 
per cent speed. 

Curve C' in Fig. 9 shows the power input to the hydraulic cou- 


HYDRAULIC COUPLINGS FOR INTERNAL-COMBUSTION ENGINES 85 


pling assuming that the engine speed is reduced to 50 per cent of 
maximum and that the propeller speed is reduced down to 10 
per cent of maximum by means of the hydraulic coupling. In 
this case the maximum power loss in the coupling, represented 
by the difference between curves A and C, is only slightly in 
excess of 2 per cent of full power, so that the heat to be dissipated 
is actually less than the normal slip loss of the coupling at full 
power. In this example it is assumed that the quantity of oil 
in the coupling would only be changed when propeller speeds 
below 50 per cent were desired. 

It is believed that the variable-speed function of the coupling 
would be particularly useful in the case of hopper dredges, 
fishing boats, and river boats where lower speeds than could be 
conveniently obtained with the engine alone might be desirable. 
The variable filling of the coupling would also give extra protec- 
tion to the propeller in the case of vessels operating in shallow 
rivers or in ice. 

Another type of vessel where the variable-speed feature of the 
hydraulic coupling might be used to advantage is the geared- 
Diesel-drive tugboat. Its value here would be in always per- 
mitting the engine to operate at maximum speed regardless of 
how heavy a tow was being handled. In other words, instead of 
reducing the engine speed as a result of increased propeller torque, 
the filling of the coupling would be adjusted to allow the engine 
to operate at maximum speed and permit the propeller to rotate 
at a speed corresponding to full engine torque. If desired, a 
thermostat could be provided in the engine exhaust which would 
automatically adjust coupling filling to limit exhaust tempera- 
ture to the maximum recommended by the engine manufacturer. 


HypravuLic CoupLinGc FLuiIps 


As stated earlier in this paper, the fluid recommended for use in 
the hydraulic coupling is straight mineral lubricating oil having a 
maximum viscosity of about 180 Saybolt seconds at 130 F. 
Water has also been used, but because of its lubricating qualities, 
stability, long life, and availability, oil has been found to be the 
most satisfactory all-around fluid. Other fluids have been in- 
vestigated, but to date none has been found that offers all of the 
advantages of oil. A heavy liquid known as ‘‘Aroclor” has been 
used experimentally with quite satisfactory results. It has the 
advantage of high specifie gravity, low viscosity, and low vapor 
pressure. Its principal disadvantage lies in its rather high cost 
and the fact that it gives off objectionable fumes at high tem- 
peratures. Mercury has frequently been proposed because it is 
about fifteen times as heavy as oil, but its cost is probably pro- 
hibitive, and it would have a rather undesirable effect on the 
nonferrous materials in the coupling and cooler. 


THRUs?T 


The axial thrust of the hydraulic coupling when full of oil acts 
in the outward direction tending to separate the two members, 
while with the coupling only partially filled the thrust acts in the 
opposite direction tending to draw the two members together. 
Therefore, it is necessary to provide bearings to take the thrust 
in both directions, and in marine applications this is usually 
handled by thrust collars on the driving and driven shafts. 

The coupling thrust can also be handled by a ball or roller thrust 
bearing located in the center of the coupling, or by a bearing be- 
tween the rotor housing and the driven shaft. The latter ar- 
rangement is frequently used in traction-type hydraulic couplings 
described later in this paper. 


Quick-EmprTyING VALVES 


Fig. 2 shows a coupling provided with constant-leak nozzles. 
This coupling is used principally in connection with single-engine 
drives and other applications where rapid declutching is not re- 
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quired. Declutching is accomplished by stopping the oil-supply 
pump or closing the oil inlet valve and permitting the coupling 
to empty through the nozzles provided in the periphery of the 
rotor housing. Depending upon the size and speed, this coupling 
requires between 2 and 5 minutes to empty completely. 

Fig. 10 shows a marine coupling provided with ring-type dump- 
ing valve which permits declutching in from 3 to 5 sec. Nozzles 
in the rotor housing are covered by a steel ring which is keyed to 
and rotates with the coupling. By means of three claws and 
linkage mounted on the stationary enclosing casing, the ring can 
be moved axially a sufficient amount to uncover the nozzles, thus 
permitting a rapid escape of oil from the coupling. The ring valve 
is interconnected with the oil-supply valve so that when the 
former is closed the latter is open and vice versa. 

A more recently developed quick-emptying coupling is the 
piston-valve type shown in Fig. 11. In this coupling there is a 
series of piston valves around the periphery of the rotor housing 
which are held normally in the closed position by springs. By 
means of air or oil pressure admitted to the valves as shown, the 
pistons are moved axially so as to uncover drain ports, allowing 
the coupling to empty. Where extremely rapid declutching is 
not required, the piston-valve coupling offers the advantage of 
greater simplicity and lower cost. 

As in couplings with constant-leak nozzles, the ring-valve and 
piston-valve types are arranged to circulate sufficient oil for cool- 
ing under normal operation or where the coupling is used for 
variable speed. 


AND AUXILIARIES 


Fig. 12 shows a typical layout of oil piping and auxiliaries for 
an installation where two Diesel engines are connected through 
hydraulic couplings and a reduction gear to the propeller shaft 
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INLET VALVES 


Fic. 12 AND AUXILIARIES OR HypDRAULIC CouPLINGs 


The auxiliaries shown consist of an oil strainer, a motor-driven 
oil-circulating pump, a shell-and-tube oil cooler, and two oil- 
inlet or speed-regulating valves. The pump delivers oil to the 
couplings through the hollow pinion shafts and this oil returns to 
the sump tank, where it is again picked up by the pump and a 
continuous circulation is maintained. During normal operation 
the pump needs only to handle the oil which leaks out at the pe- 
riphery of the couplings, and in order to have greater capacity for 
filling when starting up, the pump can be driven by a two-speed 
motor. The pump and motor are selected for a maximum pres- 
sure of 25 psi. 

Another arrangement of piping and auxiliaries that has been 
used widely in commercial vessels utilizes an overhead gravity 
filling tank as a means of rapid filling. Where this system is 
used, it is customary to combine the oil for coupling filling with 
that for gear lubrication, and the gravity tank is made of suffi- 
cient capacity so that in the event of pump failure there will be 
enough oil in the tank to insure a supply of oil to the gears for a 
period of 5 min. It seems doubtful that the gravity tank will be 
used to any great extent in the future, because in most cases it is 
not essential and the arrangement shown in Fig. 12 offers a less 
complicated system of piping and generally at lower cost. 


2—INDUSTRIAL AND TRACTION APPLICATIONS 


Since 1$28 the hydraulic coupling has been used commercially 
for various automotive, traction, and industrial applications, and 
in total horsepower these applications now account for an aggre- 
gate equal to that of the marine coupling. The first automobile 
to use the hydraulic coupling was the Daimler in England under 
the name “fluid flywheel,” and now in this country we have 
fluid drive and Hydra-Matic drive as used, respectively, by 
Chrysler and General Motors. In industrial and traction applica- 
tions, this coupling is known as the “traction type” as conceived 
and developed by Harold Sinclair, and it will be referred to by this 
name in the remaining part of this paper. 

The traction coupling differs from the mafine type in that in 
it no provision is made for completely disconnecting the driving 
from the driven member. It is a self-contained unit and is us- 
ually mounted directly on the engine flywheel or on an extension 
of the crankshaft as shown in Fig. 13. It consists of a driving 
member or impeller (1), a driven member or runner (2), enclosing 
cover (3), reservoir (4), thrust bearing (5), driven side stub shaft 
(6), and oil seal (7). The coupling operates with a fixed quantity 
of oil in the working circuit and does not require an external tank 
or pump. Heat generated within the coupling is dissipated by 
radiation. When starting up the coupling is filled with light 
lubricating oil to the level of the filling plug in the enclosing cover. 

The characteristics of the traction coupling, used as a power 
take-off in connection with an internal combustion engine, are 
shown in Fig. 14. Curve C-D shows the slip of the coupling from 
100 per cent to 40 per cent engine speed when delivering maxi- 
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mum engine torque to the driven machine, and it will be seen 
that this slip increases from 2'/; per cent at point D to 100 per 
cent at point C. This represents a full-throttle condition. 
Curve A-B represents the torque output from the coupling with 
the runner stalled and the engine operating at reduced speed. 
For example, in starting up, the drag torque at point A is zero 
and as the engine increases in speed the torque of the coupling 
immediately builds up toward point B setting the driven shaft in 
motion, after which the slip of the coupling rapidly decreases and 
falls to about 2 or 3 per cent in the range of normal speed and load. 

The ability of the coupling to prevent engine stalling is shown 
by curve C-D indicating how the effect of overload is to pull down 
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the engine speed until point C is reached, when the slip rises to 
100 per cent and the output shaft stalls while transmitting the 
full torque of the engine. 

The absence of any physical connection between the driving 
and driven members of the coupling reduces wear to a minimum 
and prevents the transmission of torsional vibration and shocks. 

In the traction coupling a ring-shaped baffle is attached to the 
coupling at the inner profile diameter, and serves to impede the 
oil circulation when working at high slip or when stalled, thus re- 
ducing the drag torque. The baffle has no effect on the slip at 
normal load and speed, and by varying its diameter the point of 
coupling stall when delivering full torque can be changed to best 
suit the operating characteristics of the engine. 

The reservoir on the back of the runner serves as an expansion 
chamber; consequently, there is no possibility of building up ex- 
cessive pressure due to overheating of the oil in case the coupling 
is allowed to remain stalled for long periods with the engine 
developing full torque. > 

Applications of the traction-type hydraulic coupling have been 
made in the fields of power shovels and draglines, oil-well drilling, 
marine drives where declutching is not essential, rail traction, 
and ore trucks. 


Rait TRACTION 


Although relatively little progress has been made in the rail- 
traction field in the United States, hydraulic couplings and 
hydraulic torque converters have been used widely for locomotive 
and rail-car drive in nearly every other part of the world, with 
the greatest number of hydraulie coupling units originating in 
England, and those of the torque-converter type being most 
prominent in Germany. In this connection it is interesting to 
note that up to February, 1939, one English manufacturer had 
produced about 1200 couplings totaling 165,000 hp for rail- 
traction applications, while a German manufacturer of torque 
converters had manufactured over 800 units totaling about 225,- 
000 hp. The largest hydraulic coupling unit was 380 hp while 
the largest torque converter was a locomotive unit rated at 1380 
hp. Most of the rail-car applications of the hydraulic coupling 
made abroad have been in connection with constant-mesh gear- 
boxes of the epicyelic type in rail cars for branch-line service. 
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In this country, interest in rail-traction applications has in- 
creased during the last two years, and several switching locomo- 
tives ranging in size from 20 tons to 40 tons equipped with 
hydraulic torque converters have been built. 


Scoop CouPLinG 


Another type of self-contained unit used for certain Diesel- 
engine drives is the scoop control coupling shown in Fig. 15. 
It consists of an impeller to which is bolted an inner casing en- 
closing the runner, and an outer casing which acts as a reservoir 
and is of sufficient capacity to receive the contents of the working 
circuit. Calibrated nozzles in the inner casing allow a continuous 
flow of oil from the coupling circuit into the reservoir from where 
it is picked up by a scoop tube mounted on the external manifold. 
The scoop tube is connected to an external handle which can be 
moved through an are of about 70 deg. With the scoop in its 
fully extended position, the coupling circuit is full of oil and mini- 
mum slip is obtained, while with the scoop in its retracted posi- 
tion all of the oil is in the reservoir and the coupling is completely 
disconnected. Thus, this coupling can serve as a disconnecting 
clutch, and if variable output speed is désired this can be obtained 
by placing the control lever in an intermediate position. The oil 
handled by the scoop tube can be circulated through an oil cooler 
where extra cooling is required. 

When used for marine drive, the scoop control coupling pro- 
vides a means of declutching and variable output speed. With 
the scoop tube in the engaged position, the characteristics of the 
coupling are the same as those of the traction type previously 
described. 

The scoop control coupling used in connection with Diesel 
drilling rigs performs the same functions as the traction coupling 
with regard to parallel operation and the damping of vibrations 
and shocks. For “fishing” operations, it performs the added 
function of accurately controlling output speed, and when used 
for slush-pump drive, can be equipped with oil cooler to permit 
the engine to be run for long periods with the pump stalled. 

The scoop control coupling is usually constructed with cast- 
iron impeller and runner, and spun-steel inner casing and rotating 
reservoir. When the coupling is stationary, the oil rests in the 
lower half below the level of the shaft and, consequently, no oil 
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seal or gland is required. Thrust is provided for by means of a 
self-aligning roller bearing located in the impeller hub, and no 
external thrust bearings are needed. 


SUMMARY 


Summarizing briefly, the uses of hydraulic couplings for inter- 
nal combustion engine drives can be placed in three general di- 
visions: (1) Marine, (2) traction, (3) industrial. In addition to 
the applications listed in the paper, marine couplings are used 
for dredge pump drives while traction couplings have been used 
widely in connection with capstans, winches, cranes, hoists, port- 
able compressors, engine-generator sets, road rollers, tractors, 
and buses 
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Discussion 


Austin Kuuns.* It has been the writer’s privilege during the 
last few years to be intimately connected with the application and 
installation of by far the majority of hydraulic couplings in the 
marine field in the United States. Unfortunately, censorship 
prevents any disclosure of the development of these designs for 
government use and limits any remarks which may be made to 
the category of generalities. 

The hydraulic clutch or coupling has given absolutely continu- 
ous and satisfactory performance in every installation with which 
the writer is personally familiar. It has accomplished to the full- 
est extent its required function and from torsiograph analysis 
has confirmed all claims of vibration separation and protection of 
connected machinery under unusual loads and abuse. Its con- 
trol has been convenient of operation, positive, and sensitive and 
no maintenance whatsoever has been required on any of these 
installations. 

It is the writer’s personal opinion that the field of service for 
the hydraulic clutch or coupling lies with the medium and higher 
engine speeds. The history of the Continental installations 
shows that most of these couplings have been for slow-speed ap- 
plications where large sizes and excessive volumes of oil or oper- 
ating fluid are required. In this country we have taken advan- 
tage of the fact that the power-transmitting capacity of the hy- 
draulic coupling goes up as the cube with the speed, and also of 
the fact that the progress in Diesel-engine development has pro- 
ceeded toward higher and higher rotative speeds. With Diesel 
engines running between 700 and 800 rpm, the size of the hy- 
draulie clutch or coupling, the volume of oil, the space required, 
and the complexity of the fluid system become problems of minor 
importance and the simplicity of this type of clutch, the physical 
strength of the rotating elements, and the absence of maintenance 
items make it unusually attractive to the marine engineer. 


A. Neracner® D. F. Toor. The wide application of 
the hydraulic coupling has necessitated that it be treated in the 
authors’ paper in a very general manner. However, since the 
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outstanding improvement in the American automobile in recent 
years has been the introduction of the hydraulic coupling and, 
since the automobile is of such universal use, it has been con- 
sidered appropriate to outline briefly some of the characteris- 
tics of the coupling as applied to that industry. This considera- 
tion is further influenced by the fact that many thousands of 
automobiles equipped with hydraulic couplings have been in the 
hands of users for a sufficiently long period of time to demon- 
strate that this is not a passing fancy. 

The automobile engine is fundamentally a high-speed power 
source; at low speeds its power output is small and it is impossible 
to couple it directly to a stationary load. Even the conven- 
tional dry-plate clutch must “‘slip” until the automobile has at- 
tained a speed such that the corresponding input speed of the 
transmission is at least as great as the stall speed of the engine; 
otherwise, the engine will ‘“die.’”’ Probably the greatest advan- 
tage of the hydraulic coupling is that it will aliow the engine to 
operate at idling speeds even though the connection between 
load and power source remains unbroken. Furthermore, it will 
perform in this manner for long periods of time with no harm 
whatever to itself. Here is a coupling, or clutch, which at low 
speed is no coupling at all and yet, when the engine speed is in- 
creased, becomes almost as perfect a coupling as the dry-plate 
clutch; a metamorphosis which requires neither thought nor ef- 
fort on the part of the operator. 

This property of the hydraulic coupling opens a field of driving 
art, or technique, which is entirely new to car operators. In the 
first place, it allows the car to be stopped and held stationary, as 
at a traffic signal, without either declutching or shifting to neu- 
tral. Then, it makes it possible for the engine to acquire a speed 
at which it can supply its maximum torque for the purpose of 
starting the car—a time at which a high torque is most needed. 

Let us consider the importance of these two points to car opera- 
tion. The American driving public has grown to depend more 
and more upon high-powered engines rather than upon multiple- 
speed transmissions for acceleration and performance. At the 
present time, most of the driving in this country, whether it be 
city or rural, is done in high gear. It is seldom that a person 
shifts into second gear at any speed above 15 or possibly even 10 
mph. In European cars, the engines are very small and four- 
speed transmissions are common. Furthermore, all of these 
gears are used and used often. With our large engines, while we 
still equip cars with three-speed transmissions, many drivers 
rarely use more than two. During the last two years, owners of 
cars equipped with an overdrive transmission and a hydraulic 
coupling have learned to avoid using any forward gear ratios 
except direct and overdrive, in other words, the two top gear 
ratios. 
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coupling, it is no longer necessary to have an over-all gear ratio 
of 10 to 1, since the engine is allowed to operate at a speed very 
near its peak torque output, Fig. 16 of this discussion. Thus, at 
the instant of ‘‘breakaway,’’ the engine is delivering a great deal 
more torque than is the case with a plate clutch. Because of this 
fact, former breakaway performance can be equaled by using an 
over-all ratio of about 6 to 1. If now we use a combination of 
rear axle and transmission which has an automatic shift from, let 
us say, an over-all ratio of 5 or 6 to 1 to one of 3 or 4 to 1, we shall 
have sufficient breakaway torque and yet maintain a normal 
driving gear ratio comparable with the present-day overdrive. 

This transmission can be built so that below about 10 mph the 
transmission will stay in the top gear or shift into the lower or 
“‘kick-down”’ gear, depending upon throttle operation. In other 
words, at these low car speeds, the driver can make the transmis- 
sion shift to the lower ratio either by releasing the accelerator en- 
tirely or depressing it to its extreme position. Between these 
two extreme throttle positions, the car continues to operate in top 
gear. Between 10 mph and 50 mph, the shift to the lower gear 
ratio can be obtained only by depressing the accelerator as far as 
possible. Above 50 mph, direct drive is maintained at all throttle 
positions. This together with a manually operated emergency 
low gear and reverse gear is, in a word, the new transmission 
made possible by the hydraulic coupling. With such a unit all 
normal forward driving can be done by operating only the accel- 
erator and the brake. 

The advantage of the hydraulic-coupling installation, which is 
most noticeable to the driver, is that now he can operate the 
brake pedal with his left foot since he does not have to operate 
the clutch pedal. The old difficulty of starting on a hill is gone 


FEBRUARY, 1941 


since he can hold the car with his left foot and with the transmis- 
sion “in gear,” operate the accelerator with his right foot; the 
clutch pedal need not be touched. In this way, he always has 
definite control of the car since he need not release the brake until 
sufficient torque is applied to the rear wheels to move the car for- 
ward. This is a distinct advantage also when operating the car 
in close quarters, such as parking, where a fine control of speed is 
required. In heavy city traffic where the present driving method 
requires that the right foot be moved from brake to accelerator 
and back to brake again, the new “‘left-foot braking system” is a 
definite boon. Due to the elimination of this tiring operation, 
and since fatigue is a major contributor to traffic accidents, it is 
felt that the coupling is an important safety improvement. 

The hydraulic coupling contributes further to safety by mak- 
ing skidding on icy pavements a rarity rather than a not unusual 
occurrence. The slipping characteristic of the coupling, which 
allows the car wheels to rotate very slowly while the engine is con- 
tinually applying driving effort, makes it possible to maintain a 
condition of rolling friction. With the present rigid coupling the 
rear wheels must rotate at approximately 40 rpm even in the 
lowest possible gear ratio. This means that, in starting on 
ice, very careful clutch “feathering” is necessary to prevent the 
wheels from reaching this speed instantly, thereby slipping on the 
ice. Of course, once the tires begin sliding instead of rolling, 
the coefficient of friction becomes lower, and skidding continues. 
That the hydraulic coupling has enabled the average driver to 
overcome this driving hazard is evidenced by the large number of 
comments received from owners of cars so equipped expressing 
great pleasure with their newly acquired sense of security on icv 
roads. 
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Effect of Variations in Atmospheric 
Conditions on Diesel-Engine Performance 


By JESSE S. DOOLITTLE,' STATE COLLEGE, PA. 


This paper presents the variations obtained in fuel rates 
and maximum power output of a two-cycle Diesel engine 
when there were changes in the temperature, pressure, 
and humidity of the supply air and in the exhaust pressure. 
The author found the engine to be quite insensitive to any 
of these changes at light loads. At loads in excess of the 
load of minimum fuel rate, any changes in intake or ex- 
haust conditions that affected the air supply to the engine 
measurably changed the fuel rate and maximum power 
output. 


tions may affect the power output of internal-combustion 

engines. For the carburetor type of engine, the amount of 
this effect has been more or less agreed upon and formulas have 
been developed to express this effect (1).? 

For the Diesel engine, on the other hand, although considerable 
work has been done (2, 3, 4, 5), there is no general agreement of 
the effect of variations in atmospheric conditions on the engine 
performance. For the most part, work on the Diesel engine has 
been confined to the four-cycle engine. As the two-cycle Diesel 
engine is used extensively, it was believed desirable to investigate 
the effect of variations in atmospheric conditions on the perform- 
ance of a two-cycle engine. For a period of over a year, work has 
been carried out on this subject in the mechanical engineering 
laboratory of The Pennsylvania State College. 


[' HAS long been realized that variations in atmospheric condi- 


Test Setup 


The engine used for this test was a horizontal single-cylinder 
single-acting two-cycle type, having direct injection. The en- 
gine was 9 X 12-in. in size and was operated at 300 rpm. Scav- 
enging air was compressed by the crank side of the piston, in a 
compartment separated from the crankcase. 

The variations in atmospheric conditions are (a) pressure, (b) 
temperature, and (c) humidity, and the test setup was made to 
measure the effect of these variables. In addition, the effects of 
variations in exhaust pressure could be studied. 

Fig. 1 shows a schematic layout of the general setup. A surge 
chamber, about 1/, ft in diameter and 18 ft in length, was con- 
nected to the intake of the engine by means of a 3-ft length of 4-in. 
pipe. In the further end of this surge chamber was placed a 
finned-type heater. A water and steam supply, connected to the 
heater, permitted the obtaining of any air temperature at the 
engine intake between 70 Fand120F. A 3-in. valve at the intake 
of the surge chamber controlled the air flow to the chamber and 
regulated the air pressure at the engine intake. A steam line 
was run into the intake of the surge chamber to permit increasing 


the relative humidity of the incoming air to as high a value as. 


100 per cent if desired. To obtain air pressures above atmos- 
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pheric, a compressed-air line was connected to the intake of 
the surge chamber. Baffles located in the surge chamber insured 
a uniform mixture going to the engine and trapped any water 
that might have condensed out. 

Intake and exhaust pressures were measured by use of water 
manometers. The intake pressure was measured at the engine 
side of the surge chamber, and the exhaust pressure in the exhaust 
line, close to the engine. Wet- and dry-bulb temperatures of the 
incoming air were measured by thermometers located in the 4-in. 
supply pipe, directly above the engine. The amount of fuel used 
was measured by use of a 1000-cc measuring burette, graduated in 
10-ce divisions. As the distance between divisions was about 
1/, in., the amount of fuel used was determinable within '/; per 
cent when 350 cc were used per run. The power output of the 
engine was measured by use of a prony brake. The maximum 
error in the measurement of the brake horsepower was about 1 
per cent, this error due at the lower loads to the inability to read 
the load closer than '/; lb and at the higher loads to the inability 
to control the brake load closer than 1 lb. The engine speed was 
regulated by a governor, which was adjusted before each run to 
about 300 rpm. The total revolutions per run were obtained by 
use of a revolution counter. The length of the runs was measured 
by a stop watch. 

Test PROCEDURE 


Before attempting the main runs, preliminary tests were made 
to find the effect of variations in injection-advance angle and also 
in injection-valve opening pressures. Over the range obtainable 
with the engine in operation, very little effect was found by a 
change in the injection advance angle. Hence, this angle was 
set so that there was not an unreasonable amount of knocking for 
normal running conditions. This adjustment was not changed 
for the rest of the tests. 

As it was found that both the fuel rate and the smoke in the 
exhaust were excessive at the recommended injection-valve open- 
ing pressure of 2500 Ib per sq in., this pressure was increased to 
about 2900 Ib per sqin. This pressure was maintained through- 
out the tests. Although somewhat better results were obtained 
with higher valve-opening pressures, the low fuel viscosity (32 
Saybolt seconds at 100 F) made it desirable to avoid these higher 
pressures. The valve-opening pressures were determined by use 
of a Bosch injection-pressure tester. : 

During all runs the jacket-water outlet temperature was kept 
at about 130 F. The length of runs varied somewhat with the 
load, averaging about 6 min. At least 350 cc of fuel were used 
during each run. Care was taken to see that the engine had 
reached operating temperatures before any readings were made. 
Although the power output of the engine was changed in values of 
only 1 or 2 hp at a time, the engine was held at the new load fora 
period of 5 to 10 min before readings were taken. 

Preliminary runs showed that the variations in exhaust pressure 
of '/; in. Hg did not appreciably affect the engine performance. 
As the normal variations in barometric pressure during the runs 
were not greater than this, the exhaust pressure was not controlled 
except in those runs where the effects of large variations were 
studied. 

Three series of runs were made to study the effects of variations 
in (a) the humidity of the supply air, (b) the incoming-air tempera- 
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ture, and (c) the atmospheric pressure. For each run, with these 
variables held constant, fuel rates were obtained for at least ten 
different loads varying from about 30 per cent of rated load to the 
maximum obtainable with steady operation. 

To investigate the effect of humidity, runs were made with in- 
take air temperatures of 80 F and 120 F. At 80 F, two series of 
runs were made, one having an incoming-air relative humidity of 
48 per cent and the other a relative humidity of 90 per cent. At 
120 F, relative humidities of 27 and 90 per cent were used. The 
intake air pressure was held at 28 in. Hg abs. 

To study the effect of variations in intake-air temperatures, 
runs were made to obtain variations in fuel rate with load at in- 
take-air temperatures of 80 F and 120 F. Runs were also made 
with intake-air temperatures of 45 F by taking air from outdoors 
but, unfortunately, it was not realized at the time that the most 
significant part of the fuel-rate curve was that at very high loads. 
By the time the importance of the high-load runs was discovered, 
outside temperatures were too high to obtain the desired air 
temperature. 

The effect of intake-pressure variations was studied by varying 
the absolute intake pressure from 22.5 to 33.5 in. Hg, holding the 
exhaust pressure constant. To simulate increased barometric 
pressures, three series of runs were made with equal intake and 
exhaust pressures, varying from an absolute pressure of 29.4 to 31 
in. Hg. A series of runs were also made by increasing the absolute 
exhaust pressure from 29 to 31 in. Hg, the intake pressure being 
held constant. 

- As the revolutions per minute of some of the foregoing runs 
varied:as much as 8 rpm from the mean value of 300 rpm, the 
engine was calibrated for the effect of speed. It was found that 
this small change in speed did not measurably affect the engine 
performance. 


Discussion oF RESULTS 


A.change in atmospheric conditions may affect two prime fac- 
tors: which influence engine performance, namely, the amount of 
air supplied to the engine and the work required to get the air into 
the combustion chamber. For maximum efficiency, there must 
be sufficient excess air present so that every particle of fuel comes 
in contact and can unite with. a particle of oxygen as nearly as 
possible at a dead-center position ofthe piston. Providing that 
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this minimum amount of excess air is present, any change in the 
air supplied should not materially change the efficiency of eom- 
bustion. However, a decrease in the intake air below this mini- 
mum excess value results in incomplete combustion and an in- 
creased fuel rate. Furthermore, a decrease in the intake pressure 
or an increase in the exhaust pressure may increase the work re- 
quired to get a given weight of air into the combustion cylinder 
and increase the fuel rate. 

Figs. 2 to 7 show that the results obtained substantiate this 
line of reasoning. 

An increase in atmospheric humidity displaces some of the air 
in the engine cylinder; hence it decreases the amount of oxygen 
present. The maximum amount of vapor that can be present 
changes with temperature. At 80 F, standard barometer, and 
100 per cent relative humidity, 3.5 per cent of the incoming air 
is water vapor, by volume. Thus, normal changes in atmos- 
pheric humidity at 80 F cannot materially affect the oxygen 
supply to the engine and should not change the fuel rate or the 
maximum power output. Fig. 2a shows that test results confirm 
this line of reasoning. At 120 F, on the other hand, the incoming 
air may contain as much as 11.5 per cent water vapor, by volume: 
hence, the humidity may be large enough to affect the amount of 
oxygen present. At the lower loads, there is much excess air 
present and the decrease in oxygen content due to the increased 
amount of water vapor present does not measurably affect the 
fuel rate. At loads higher than the load of minimum fuel rate, 
there is normally a deficiency of oxygen in contact with the fuel; 
hence, any increase in water vapor increases this deficiency and 
causes the fuel rate to increase. This effect may be seen in Fig. 
2b. 

The same line of reasoning may be applied to the effect of 
variations in atmospheric temperatures. A change in air density 
as effected by a temperature change does not affect the fuel rate 
provided there is a large excess of air present. However, if the 
engine is so loaded that there is a deficiency of excess air, a change 
in air temperature will affect the amount of air present and the 
fuel rate will be changed. Fig. 3 shows this effect. Although 
not shown in Fig. 3, it was found that when runs were made at an 
inlet air temperature of 45 F, the fuel rates obtained were the 
same as those at air temperatures of 80 and 120 F at loads up to 
that load for minimum fuel rate. 
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Fig. 4 shows the effect of variations in intake pressure when the 
exhaust pressure is held constant. Fig. 4a illustrates the effect of 
long suction lines, suction lines containing valves, elbows, air fil- 
ters, and other restrictions, and throttled intake, and shows that, 
at light loads, there is very little effect on fuel rate until the intake 
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pressure is decreased more than 4 to 5 in. Hg below normal atmos- 
pheric pressure. With this low suction pressure, the combined 
effect of decreased oxygen supply and the larger pumping losses 
operate to increase the fuel rate. At high loads these two factors 
decrease the power output as the suction is increased and also in- 
crease the fuel rate. The results of supercharging are shown in 
Fig. 4b. It should be noted that no allowance has been made for 
the power required for the supercharging. Within the range of 
these tests, an increase in the intake pressure produced no change 
on the fuel rates until high loads were reached. At the higher 
loads, due to an increase of the air supply to the cylinder with 
increased intake pressure, the deficiency of oxygen that formerly 
existed was eliminated; hence, the maximum power obtainable 
was increased, together with a decrease in fuel rate. 

Fig. 5 shows the results obtained when both the intake and 
exhaust pressures were increased, such as might take place if the 
engine were used in a deep mine. 

Although not comparable on an absolute basis, some conclu- 
sions may be drawn from a relative comparison of Figs. 4b and 5. 
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The difference between these two figures is that for Fig. 5 the 
exhaust pressure was increased as the intake pressure increased, 
while for Fig. 46 the exhaust pressure remained unchanged. On 
this basis it appears that the engine performance is rather insensi- 
tive to changes in exhaust pressure. 

Fig. 6 shows, however, that under certain conditions, a small 
change in exhaust pressure will cause a large decrease in power 
output and a corresponding increase in the fuel rate. It also 
shows that when the exhaust pressure was increased from 30 to 31 
in. Hg (intake pressure remaining constant at 28in. Hg), the fuel 
ate was increased 15 to 20 per cent and the maximum power out- 
put was halved. On the other hand, an increase in exhaust pres- 
sure from 29 to 30 in. Hg produced little change in maximum 
power and only about 4 per cent increase in the fuel rate. The 
reason for this is that the air flow to the engine is a function of the 
difference in the pressure in the main cylinder and the pressure of 
the compressed air in the precompression chamber. As the ex- 
haust pressure is increased, the pressure in the main cylinder is 
increased and the pressure difference between the air in the pre- 
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compression cylinder and the gases in the main cylinder is de- 
creased. Because the flow of air varies as the square root of this 
pressure difference, a given drop in pressure does not produce 
much change in flow if the pressure differential is high but does 
cause a large change in flow when the pressure differential is small. 
Thus, when the pressure differential is large, the engine is rather 
insensitive to changes in exhaust pressure. However, as this 
pressure differential is decreased by building up the back pressure, 
the air flow falls off rapidly with the previously mentioned attend- 
ant results. These results show that long exhaust lines, exhaust 
lines with various fittings causing frictional resistance to flow, and 
partially closed valves may cause serious loss in power. 

Within the range covered by these tests, it appears that if the 
engine were so loaded that changes in atmospheric conditions 
affected the fuel rate, the change in fuel rate was proportional to 
the change in oxygen content per unit volume of the atmosphere, 
providing the pressure difference between intake and exhaust was 
not changed. Thus, an increase in air temperature, an increase 
in humidity, or a decrease in atmospheric pressure that produced 
a given change in the oxygen content of a given volume of air, 
produced about the same increase in fuel rate at any one load. 
However, no general correlation can be made between fuel rates 
and air densities, as a given change in air density produces no 
measurable change in fuel rate at light loads, a small change at 
high loads, and a large change at maximum load. 

Due to unknown reasons, it was impossible to duplicate results 
exactly when a test was repeated after a lapse of a month or so, 
even when apparently all conditions were duplicated. The 
deviations between fuel rates were insignificant at light loads but 
varied up to as much as 6 per cent in some cases at the highest 
load. However, after a lapse of another month, original test 
results were duplicated in many cases. Because of this variation 
in engine performance, considerable care was taken to see that the 
results obtained when investigating any one variable were con- 
sistent and could be checked at any time throughout the series of 
runs with a maximum variation of 2'/; per cent. Thus, the vari- 
ous curves in any one figure may be compared with one another 
but should not be compared with similar curves in another figure. 


CONCLUSIONS 


It appears from the results of these tests that the outstanding 
factor affecting the performance of the two-cycle engine is the 
amount of air present in the cylinder at time of combustion. 
These results show that if sufficient air is present so that each 
particle of fuel may come in contact with oxygen at the desired 
time, other factors, such as air density, air temperature, and 
humidity, are immaterial. Thus, two general statements may be 
made, relating engine performance to the amount of air present: 

1 If the engine is operated at loads lower than the load of 
minimum fuel rate, there may be changes in air density as high as 
15 per cent without materially affecting the fuel rate. 

2 If the engine is operated at loads in excess of the load giving 
minimum fuel rate, any change in intake air pressure, tempera- 
ture, or humidity, or exhaust pressure will influence the amount of 
air taken into the cylinder and, due to the insufficiency of air 
present under these conditions, will influence both the fuel rate 
and the maximum power output. 

In addition, one more conclusion may be drawn which is par- 
ticularly applicable to two-cycle engines, namely: If, due to the 
engine design, setup, or operation, the pressure differential be- 
tween the scavenging air and main-cylinder pressure is abnor- 
mally small, then changes in either the exhaust or intake pressures 
will measurably affect the air flow to the engine and will change 
both the fuel rate and maximum power output. 

Due to the fact that the rated horsepower of a given-size engine 
varies with the design of the engine as well as with the manufac- 
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turer, no single statement can be made concerning the effect of 
variations in atmospheric conditions on the performance of engines 
in general. However, it may be stated that if an engine is con- 
servatively rated, i.e., at a load below the load of minimum fuel 
rate, normal changes in barometric pressure will not affect its 
performance up to rated load, and changes in elevation, at which 
the engine is operated, of 4000 to 5000 ft may be made without 
measurably changing the engine performance. On the other 
hand, for the engine that is overrated, any change in barometric 
pressure, air temperature or humidity, or elevation will influence 
the fuel rate at rated load and may even prevent the engine de- 
livering its rated load. 
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Discussion 


A. J. Buackwoop’ anp G. H. Cioup.* The author’s report 
that the effect of atmospheric conditions on Diesel-engine per- 
formance under normal conditions is small should be most satis- 
fying to the operators of Diesel equipment. 

Tests in the research division of the Esso Laboratories on 
high-speed automotive engines have confirmed generally the 
author’s results with respect to the effect of changes in atmos- 
pheric conditions. Changes in engine condition with time (me- 
chanical adjustment and general engine condition) have been 
found to affect performance much more than day-to-day varia- 
tions in atmospheric conditions. 

Referring to the effect of exhaust pressures on engine per- 
formance, recent tests on a supercharged two-cycle automotive 
Diesel engine have shown that variations in exhaust pressures 
change power output and fuel economy appreciably. The 
following table shows some of the writers’ experimental data ob- 
tained at full load, 1700 rpm: 


Decrease in Increase 

Exhaust maximum in fuel 
pressure, power, consumption, 

in, mercury per cent per cent 
0.0 0.0 0.0 
0.9 2.0 
33 2.9 6.0 
3.4 4.1 8.0 
6.1 8.7 13.0 
7.3 9.5 15.0 
9.0 12.3 18.0 
11.9 16.5 24.0 


The percentage of decrease in maximum power output with 
3 Esso Laboratories, Linden, N. J. 
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increase in exhaust pressure was not nearly as great in this en- 
gine as was shown in Fig. 6 of the paper. However, the differ- 
ences between the results cited and the author’s are no doubt 
due to the greater differential between the scavenging and ex- 
haust pressures in the high-speed engine. These results confirm 
the author’s observations that considerable loss in power may 
occur when exhaust pressures are permitted to become excessive. 
As shown by the following table, compiled from data obtained 
from Diesel units in automotive service, there are cases where 
inadequate exhaust systems raise exhaust pressures sufficiently 
at the higher speeds to interfere seriously with engine perform- 
ance: 


Full-load back pressure 


mercury at 
Engine unit 400 1200 2000 
A 0.1 0.3 0.7 
B 0.1 0.4 2.2 
Cc 0.1 0.7 3.5 
D 0.1 0.8 4.6 
E 0.2 2.8 15.8 


Some American manufacturers of automotive Diesel equip- 
ment have tended to set their engine outputs quite close to their 
maximum in order to compete with gasoline units in truck and bus 
service. This practice of increasing the maximum output up to 
the critical range often results in smoking, poor fuel economy, 
and rapid engine fouling. The author’s work should help to dis- 
courage this practice by showing that it makes the equipment 
sensitive to slight changes in atmospheric conditions or exhaust 
pressures. 

AUTHOR’s CLOSURE 


The author wishes to thank Messrs. Blackwood and Cloud for 
the additional information they have given on this subject. 
Their second table is of particular value as it brings out the fact 
that changes in engine speed produce dissimilar changes in ex- 
haust pressures for various engines. Thus, the conclusion may 
be drawn that a change in speed would not affect the maximum 
output and fuel rate of these various engines in the same manner. 

It is desirable that much more information be made available 
so that both the designer and operator of Diesel engines may know 
what to expect when operating conditions are changed. 
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The Significance of Diesel-Exhaust-Gas 
Analysis 


By JOHN 


Data on exhaust-gas composition, obtained in a study 
of the hazards that might attend the use of Diesel engines 
underground, are discussed in relation to combustion in 
the Diesel engine. Two engines were tested throughout a 
wide range of fuel-air ratios, and the results indicated 
that combustion was essentially complete in the normal 
operating range although even under these conditions low 
but significant concentrations of carbon monoxide, alde- 
hydes, and free carbon were present in the exhaust gases. 
The concentration of carbon monoxide, determined by 
precise analytical methods, was a minimum at a fuel-air 
ratio of approximately 0.03 lb per lb and was affected by 
engine design and to a slight extent by factors that varied 
with speed. The coexistence of aldehydes and free carbon 
indicated that direct oxidation and destructive combustion 
of the fuel were occurring simultaneously. The calcu- 
lation of combustion efficiency from data on the products 
of incomplete combustion is illustrated. 


NCREASING interest in the use of Diesel engines‘ as the 

source of power for haulage equipment in mines and tunnels 

in the United States has led to a study by the Bureau of 
Mines of the hazards that might be involved. The ultimate ob- 
ject of this study is to develop recommendations that may serve 
to establish safe practices in the use of these engines under- 
ground. In such an application the discharge of harmful or 
objectionable gases into working places might constitute a sig- 
nificant hazard unless adequate ventilation were supplied. 
Therefore it is important to examine the exhaust gases produced 
by American Diesel engines operated under various conditions. 
Data on one aspect of this study were obtained in tests to deter- 
n.ine the composition of exhaust gases produced at various 
speeds and loads by two four-stroke-cycle engines in proper 
mechanical condition.’ The results of these tests have been 
discussed (1)® in relation to the use of Diesel engines under- 
ground. Inasmuch as some of the harmful and objectionable 
constituents also are products of incomplete combustion, the 
results furnish data on the combustion process in the Diesel 
engine. The significance of these data in studying the combus- 
tion performance of engines is discussed in the present paper. 


' Published by permission of the Director, Bureau of Mines, United 
States Department of the Interior, Washington, D. C. 

? Gas Engineer, Explosives Division, Central Experiment Station, 
Bureau of Mines, U. 8. Department of the Interior. Jun. A.S.M.E. 

’ Associate Gas Engineer, Explosives Division, Central Experi- 
ment Station, Bureau of Mines, U. 8S. Department of the Interior. 

‘ The designation ‘Diesel’ engine is used instead of the more de- 
scriptive term ‘‘compression-ignition’’ engine because mine _ loco- 
motives equipped with these engines usually are referred to as 
“Diesel mine locomotives.” 

®» An engine adjusted and maintained in accordance with the manu- 
facturer’s recommendations is considered to be in proper mechanical 
condition. 

° Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of THz American So- 
CIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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C. HOLTZ? ann M. A. ELLIOTT,* PITTSBURGH, PA. 


Test EQuIPMENT 


Engines and Dynamometer. The two Diesel engines tested 
are described in Table 1. Each engine was mounted in a “power 
unit,” including radiator, fan, clutch, fuel system, and starting 
mechanism. In the tests, each unit was coupled to an electric 
dynamometer rated at 45 hp from 1200 to 2500 rpm. 


TABLE 1 DESCRIPTION OF ENGINES TESTED 
Four-stroke cycle Four-stroke cycle 
Number of a 4 4 
Cylinder bore, in.. 41/4 4 
Piston stroke, in. 51/2 41/2 
Piston displacement, cu in. 312.1 226.2 
Maximum rated speed, rpm. 1400 2600 
Maximum rated brake horse- 
power, without accessories. 44 ts 70 
Individual pump for Individual pump for 
each cylinder; fuel each cylinder; fuel 
Fuel pump.......... . delivery controlled delivery controlled 
by —- - plunger by pump - plunger 
\by-p: -p y-pass 
Single - - hole orifice; Circumferential ori- 


Type of injection valve........ 


\flat-faced valve seat fice (pintle nozzle); 

conical valve seat 

Opening pressure of injection 
valve discharging into air 
at ric Ib 


per sq in. 1500 1650 
recom- Spherical turbulence 
Combustion system. bustion chamber with or air-swirl chamber 
\cone-shaped ends 


Positive circulation, 
thermostatically 
{controlled 


Positive circulation, 
thermostatically 
controlled 


Cooling system 


TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF FUEL 
Viscosity S. U. at 100 F, 48 
Ash. Trace 
Gravity, deg 38.8 
Pour point (upper), 50 
Cetane number( knockmeter de elay method)........ 78 
Heating value, Btu per lb.. 19, 910 


Fuel. The chemical and physical properties of the fuel are 
shown in Table 2. 


Meruop or TESTING 


As the engines were new when received, each was run in for 
100 hr at various speeds and loads before any tests were made. 
In the tests an engine was operated at the desired speed and load 
for 1 hr. During the last 15 min the fuel consumption was 
measured, and the exhaust gases were sampled. One sample was 
analyzed in either a Haldane apparatus or a Bureau of Mines 
Orsat apparatus to determine the percentage of carbon dioxide, 
oxygen, carbon monoxide, hydrogen, and methane. Nitrogen 
was determined by difference. Other samples were analyzed by 
special methods to determine carbon monoxide, aldehydes, and 
oxides of nitrogen. Details of the sampling equipment, methods 
of analysis, and testing procedure have been reported (1). 


RELATION oF Exnavust-Gas ComposiTIon To Furet-Arr Ratio 


Previous studies (2, 3, 4, 5) of the exhaust gases from internal- 
combustion engines have shown that the composition of these 
gases is chiefly a function of air-fuel ratio. In fact, it has been 
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TABLE 3 TYPICAL EXPERIMENT RESULTS? 

ava B-13 B-14 B-15 B-16 B-12 B-70 B-72 B-69 
1400 1410 1400 1410 1400 1400 1400 1400 
Net power output, bhp......cscccccseres 0b 8.8 17.5 26.4 37.80 40.20 41.0 40.6 
4.56 6.89 9.56 12.45 18.12 21.29 24.41 29.63 
Volume of dry exhaust gas, cu ft per hre.... 4500 4460 4180 4050 3950 3700 3650 4050 
ratio, 1b pet cc 0.013 0.020 0.029 0.039 0.056 0.070 0.084 0.094 
Composition of dry exhaust gas:d 

COs, per cent by volume............... 2.74 4.19 6.22 8.36 12.400 13.8 12.1 10.2 

Os, per cent by volume......cscccseces 17.14 15.13 12.20 9.26 3.440 0.8 0.3 0.3 

CO,* per cent by volume...... eueenwens 0.041 0.028 0.024 0.027 0.058 0.7 3.5f 6.0/ 

Hs, per cent by wes 0.1 1.3 3.0 

CH, per cent by volume............... 0 0.03 0.1 0.3 0.4 

Nz, per cent by volume................ 80.08 80.65 81.56 82.35 84.07 84.5 82.7 80.1 
Oxides of nitrogen, parts per million?...... 167 267 378 448 364 346 277 186 
Aldehydes, parts per million’............. 4 1 1 4 1 2 0 


® Results are from tests on engine B. 


+’ Power output of engine consumed by mechanical losses and in driving accessories. Under these conditions the power unit (engine and accessories) 


may be considered to be operating at no load. 
€ Calculated as dry exhaust gas at 60 F and 29.92 in. Hg. 


@ Gas analyses in tests B-69, B-70, and B-72 made in Bureau of Mines Orsat apparatus; in other tests Haldane apparatus was used. 


¢ Determined by iodine-pentoxide method unless otherwise indicated. 


/ Determined by absorption or combustion. 
o As equivalent NO:; not included in sum of percentages of other gases. 
h As formaldehyde; not included in sum of percentages of other gases. 


demonstrated (6) that the air-fuel ratio of internal-combustion 
engines can be calculated from exhaust-gas composition with an 
accuracy of +2 per cent. Because of the convenience of such a 
procedure, the air-fuel relationships in the present investigation 
have been calculated by equations based on the stoichiometry 
of the combustion reactions and on material balances. These 
equations are given in the Appendix. 

The variation of exhaust-gas composition with calculated air- 
fuel ratio, shown in Fig. 1, agrees in general with the observations 
of others, but the present investigation includes a much greater 
range of air-fuel ratios than has been studied heretofore. With 
such a wide range of air-fuel ratios there appears to be some ad- 
vantage in correlating exhaust-gas composition with fuel-air 
ratio, as shown in Fig. 2, because, in the normal operating range 
of the Diesel engine, power output is a direct function of fuel-air 
ratio whereas it is an inverse function of air-fuel ratio. There- 
fore it is easier to visualize the relation of exhaust-gas composi- 
tion to engine load when the results are correlated with fuel-air 
ratio, and the subsequent discussion will be conducted on this 
basis. 

Fig. 2 shows that comparatively little carbon monoxide and 
no significant concentrations of hydrogen and methane were 
observed in the exhaust from the two engines at fuel-air ratios 
less than the chemically correct.’’ However, at fuel-air ratios 
greater than this the air present is inadequate to burn the fuel 
completely, and the concentration of products of incomplete 
combustion increased rapidly with an increase in fuel-air ratio. 
Fig. 2 shows also that the variation of the concentration of carbon 
dioxide and of oxygen with fuel-air ratio is nearly linear at 
those ratios less than 0.06 lb per lb. The general relationships 
indicated by Fig. 2 are similar to those obtained by replotting 
the data of D’Alleva and Lovell (3), using the Taylor method (7). 

Although Fig..2 presents data on exhaust-gas composition at 
fuel-air ratios on the rich side, such conditions of operation are not 
normal and were obtained in these tests by changing the ad- 
justment of the stop limiting the travel of the rack on the fuel 
pump of engine B. After this change the fuel injected at full 
throttle was increased by approximately 60 per cent. When 
the engines were operated in their normal range the fuel-air ratio 
never exceeded 0.042 and 0.058 lb per lb for engines A and B, 
respectively. 

Table 3 presents data typical of those used in plotting the 
figures in this paper. 


_ 


7 At the “chemically correct” or “stoichiometric” fuel-air ratio 
there is just sufficient air to burn the fuel completely. For the fuel 
used in these tests the chemically correct ratio was 0.0679 lb of fuel 
per lb of air. 


2 In calculating nitrogen by difference, values were expressed to nearest unit in 
second decimal place to conform with results of analysis in Haldane apparatus. 


RELATION oF ExuHaust-Gas CoMPOosITION TO COMBUSTION 


PERFORMANCE 


Despite the favorable conditions for completing combustion 
in the normal operating range of the Diesel engines tested, prod- 
ucts of incomplete combustion were present in the exhaust gases, 
although the concentration of such products generally was low 
and could be determined only by sensitive methods of gas analy- 
sis. The importance of a knowledge of the products of incomplete 
combustion in relation to the combustion process in the Diesel 
engine has been emphasized by Boerlage and Broeze (8) who 
state that “‘analysis of the products of incomplete combustion 
may be a guide toward a better understanding of the Diesel 
process. From a practical point of view these products hold one 
of the biggest problems in Diesel development.” 


Propvucts or INCOMPLETE COMBUSTION 


The products of incomplete combustion observed in the ex- 
haust gases of the two engines and discussed in the following are 
carbon monoxide, aldehydes, free carbon, hydrogen, and methane. 
Other products of combustion and losses from incomplete com- 
bustion are also discussed. 

Carbon Monoxide and Aldehydes. The concentration of carbon 
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monoxide in the exahust gas from each engine is shown in Fig. 3 
in relation to fuel-air ratio. When the engines were operated in 
the range of fuel-air ratios for which they were adjusted by their 
respective manufacturers, the concentration of carbon monoxide 
was always less than 0.12 per cent. Despite such low concentra- 
tions, significant differences were observed in the carbon monoxide 
produced by each engine. The analytical method was precise 
enough to show that the carbon-monoxide concentration de- 
creased slightly as the fuel-air ratio increased from the lowest 
values to an intermediate value of approximately 0.03 lb per lb. 
Further increase in fuel-air ratio was accompanied by an increase 
in carbon-monoxide concentration until, at the fuel-air ratios 
greater than the chemically correct one, the concentrations 
reached values comparable to those observed in the exhaust gases 
from gasoline engines. 
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Fig. 4 TREND OF ALDEHYDE CONCENTRATION IN ExHaust Gas 
Wits Fvet-Arr Ratio 


This variation of carbon-monoxide concentration with fuel- 
air ratio is significant when considered in relation to the outline 
of the combustion process proposed by Boerlage and Broeze 
(8, 9), who suggest that two processes occur simultaneously: 
(a) The direct oxidation of hydrocarbons in the fuel by a series 
of reactions in which partly oxidized compounds are formed as 
intermediate products; and (b) the thermal decomposition 
(cracking) of the fuel followed by oxidation of the destruction 
products. The first process is referred to as direct oxidation and 
the second as destructive combustion. 

If the reactions in the direct-oxidation process are chilled before 
oxidation is complete, carbon monoxide, aldehydes, and organic 
acids will be present in the exhaust gas. If the reactions occur- 
ring in destructive combustion are chilled soot also will be 
present. Under overrich conditions carbon monoxide and 
hydrogen are formed by either process. 

The presence of aldehydes in the exhaust, shown in Fig. 4,* 
indicates that direct-oxidation reactions were occurring and that 
these reactions were chilled. The increase in the concentration 
of aldehydes and of carbon monoxide as the fuel-air ratio de- 
creased from intermediate to low values indicates that chilling 
was more pronounced at the low fuel-air ratios. Obviously at 
low fuel-air ratios conditions are more favorable for chilling be- 
cause average temperatures during combustion are comparatively 
low. 

The increase in carbon-monoxide concentration with fuel-air 


* Each point in Fig. 4 is an average of several tests at different 
speeds in the same fuel-air ratio range. 
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ratio at ratios greater than approximately 0.03 lb per Ib but 
less than the chemically correct ratio, shown in Fig. 3, probably 
occurs because the tendency to form locally overrich regions, 
which may give rise to carbon monoxide, is much greater as the 
fuel-air ratio increases and the concentration of oxygen approaches 
low values. Such locally overrich regions exist at fuel-air ratios 
on the lean side because uniform mixture of fuel and air through- 
out the combustion space is difficult to obtain under the hetero- 
geneous conditions attending the injection of liquid fuel. At 
fuel-air ratios greater than the chemically correct value, carbon 
monoxide is produced because the air present is inadequate for 
complete combustion. Under these conditions the presence of 
free oxygen in the exhaust probably is indicative of imperfect 
mixing of fuel and air. 

Although an average curve has been drawn in Fig. 3 to repre- 
sent the variation of carbon-monoxide concentration with fuel- 
air ratio, close examination of the points indicates that the re- 
sults were affected slightly by engine speed. It is probable that 
some of the differences observed were caused not only by dif- 
ferences in engine speed but also by the effects of other factors, 
such as turbulence and engine temperature. The significance of 
engine temperature was indicated by an increase of 350 per cent 
in carbon-monoxide concentration shown by a recorder when the 
temperature of the jacket water was decreased momentarily. 

Aldehydes, in addition to being significant in relation to com- 
bustion, also are of interest in relation to the so-called acrid 
exhaust from Diesel engines because the odor and irritation of 
aldehydes can be detected at extremely low concentrations (10). 
In these tests the concentration of aldehydes, expressed as equiva- 
lent formaldehyde, ranged from 0 to 5 parts per million in the 
exhaust from engine A and from 0 to 31 parts per million in the 
exhaust from engine B. In preliminary tests a correlation has 
been observed between aldehyde concentration and odor and 
irritating properties of the exhaust. 
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Fie. 5 Comparison oF CarBON-HypROGEN Ratios CALCULATED 
From Exnaust-Gas ANALYSIS AND FuEL ANALYSIS 


Free Carbon. When the exhaust gas from either engine was 
passed through filter paper, a material resembling soot or free 
carbon was always deposited even though the final exhaust was 
clear. An analysis of a sample of such material collected in a 
test at a high fuel-air ratio indicated 99.1 per cent carbon, 0.7 
per cent hydrogen, and traces of other materials. 

If significant quantities of free carbon were present in the 
exhaust gas, the carbon-hydrogen ratio calculated from the gas 
analysis should be less than that calculated from the fuel analy- 
sis. The comparison of these ratios in Fig. 5 shows that this was 
generally true. However, an exception was observed in the 
tests with engine A at the lowest fuel-air ratios, under which 
conditions the carbon-hydrogen ratios calculated from the gas 
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TABLE 5 LOSSES FROM INCOMPLETE COMBUSTION, AND COMBUSTION EFFICIENCY FOR ENGINE B 
co He CHa Free carbon Total 
ratio, lb Btu per Ib Btu per lb Btu per lb Btu per lb Btu per lb efficiency 
per lb of fuel Per cent of fuel Per cent of fuel Per cent of fuel Per cent of fuel Per cent per cent 
0.01 246 1.24 0 0 0 0 848 4.26 1094 5.5 94.5 
0.02 62 0.31 0 0 0 0 481 2.42 543 2.7 97.3 
0.03 37 0.19 0 0 0 0 269 1.35 306 1.5 98.5 
0.04 32 0.16 0 0 0 0 297 1.49 329 aaa 98.3 
0.05 410 0.20 0 0 0 0 410 2.06 450 2.3 97.7 
0.06 93 0.47 0 0 0 0 622 3.12 715 3.6 96.4 
0.07 528 2.65 119 0.60 185 0.93 933 4.69 1765 8.9 91.1 
0.08 N76 9.42 512 2.57 320 1.61 1287 6.46 3995 20.1 79.9 
0 09 2578 12.95 1230 6.18 591 2.97 1683 8.46 6082 30.6 69.4 
rABLE 4 FREE CARBON IN THE EXHAUST GASES FROM 700, or 


ENGINE B 


Carbon-hydrogen Free carbon in dry exhaust gases 


Fuel-air ratio, analysis (rg), Lb per lb Lb per 1000 


Ib per Ib mols per mol of fuel cu ft@ 
0.01 0.960 0.060 0.047 
0.02 0.991 0.034 0.053 
0.03 1.008 0.019 0.046 
0.04 1.006 0.021 0.068 
0.05 0.996 0.029 0.117 
0.06 0.978 0.044 0.213 
0.07 0.952 0.066 0.361 
0.08 0.922 0.091 0.576 
0.09 0.888 0.119 0.815 


a Dry exhaust gas calculated at 60 F and 29.92 in. Hg 
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analysis were greater than those calculated from the fuel analysis. 
The reason for this exception is not entirely clear, although the 
difference indicated at the lowest fuel-air ratio may be significant 
because the point shown is an average of 13 tests. In fact, each 
point in Fig. 5 is an average of several tests at different speeds in 
the same range of fuel-air ratio. The carbon-hydrogen ratios for 
the individual tests were calculated by equations given in the 
Appendix. 

Using average values of the carbon-hydrogen ratios from the 
curve for engine B in Fig. 5 and equations given in the Appendix, 
the proportion of the fuel appearing as free carbon in the ex- 
haust has been calculated and is given in Table 4. The results 
indicate that free carbon may be a relatively important factor in 
studying combustion. In such studies it would -be preferable to 
determine the free carbon directly instead of by calculation as 
illustrated here. 

In relating the concentration of free carbon in Table 4 to the 
appearance of the exhaust, it was observed that smoke was 
easily noticeable when the exhaust gas contained more than ap- 
proximately 0.3 lb of carbon per 1000 cu ft. 

Hydrogen and Methane. At fuel-air ratios less than 0.06, 
hydrogen was never indicated by the gas-analysis data, and 
methane was never present in significant concentrations. At 
higher fuel-air ratios the concentration of each of these gases in- 
creased. With regard to hydrogen, these observations agree 
with the results of others. However, in the present investiga- 
tion the concentration of methane was not constant as pre- 
viously reported by other investigators (4, 6). 

Losses From Incomplete Combustion. Using average data on 
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the products of incomplete combustion the potential heat lost 
in the exhaust gases from engine B has been calculated by 
equations given in the Appendix. The results are presented in 
Table 5, which also shows the losses expressed as a percentage of 
the higher heating value of the fuel. The combustion efficiency, 
also given in Table 5, was obtained by subtracting from 100 the 
total losses expressed as a percentage. These results are pre- 
sented to illustrate the value of precise gas analysis in studying 
combustion performance; no attempt has been made to show the 
minor effect of factors that vary with speed. 

Fig. 6 shows that the combustion efficiency of engine B reached 
& maximum at fuel-air ratios ranging from approximately 0.03 
to 0.04 lb per lb. In this range of fuel-air ratios it is probable 
that the quantity of excess air is sufficient to minimize the for- 
mation of locally overrich regions without causing excessive 
chilling of the combustion reactions. In the normal operating 
range of engine B the combustion efficiency was between 94.5 
and 98.5 per cent. At fuel-air ratios above this range, combus- 
tion efficiency decreased rapidly with an increase in fuel-air 
ratio. This decrease in efficiency also was apparent from meas- 
urements of power output and fuel consumption. For example, 
in tests at 1400 rpm on the rich side no significant increase in 
power output was observed despite an increase of 40 per cent in 
the fuel injected. 

Oxides of Nitrogen. Oxides of nitrogen are among the harmful 
gases that must be considered in providing ventilation for 
Diesel engines used underground. Consequently, the concentra- 
tion of these gases was determined in this investigation. 

The oxides of nitrogen include: (a) Nitric oxide (NO), which 
is formed at the high temperatures associated with combustion; 
and (b) nitrogen peroxide (NO), which is formed at compara- 
tively low temperatures by the reaction of nitric oxide and 
oxygen. In this investigation, concentrations of oxides of nitro- 
gen are reported as equivalent nitrogen peroxide, although both 
oxides probably are present in the cooled exhaust gases. 

Fig. 7 shows the concentration of oxides of nitrogen in rela- 
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tion to fuel-air ratio. The results indicate that the concentra- 
tion of these gases may be affected by both speed and engine de- 
sign. The occurrence of a maximum at fuel-air ratios between 
0.025 and 0.045 can be explained by the effects of temperature 
and oxygen concentration on the equilibrium of the reaction of 
oxygen and nitrogen to form nitric oxide. The concentrations 
shown in Fig. 7 are within the range of those observed by other 
investigators (11, 12) using an experimental compression-igni- 
tion engine. 

The possible significance of oxides of nitrogen in relation to 
internal-combustion-engine operation has been suggested by 
Hanson and Egerton (13), who have shown that the rate of 
oxygen absorption by lubricating oil at 220 C is influenced greatly 
by the presence of nitrogen peroxide in concentrations compa- 
rable to those observed during combustion. According to these 
investigators, this may account for certain differences in the re- 
sults of engine tests of lubricating oils. 

Under some conditions, oxides of nitrogen may contribute to 
engine corrosion and to the odor and irritating properties of 
the exhaust. 

Oxides of Sulphur. The fuel used in these experiments was 
free of sulphur; therefore, oxides of sulphur were not present in 
the exhaust gases. However, if a fuel contains sulphur the ex- 
haust gases will contain both sulphur dioxide and sulphur tri- 
oxide, which are significant chiefly in relation to engine corrosion 
and to the odor and irritating properties of the exhaust. The 
equations given in the Appendix should be modified when the 
fuel contains appreciable quantities of sulphur. 


SUMMARY 


In an investigation by the Bureau of Mines of the hazards that 
might attend the use of Diesel engines underground the composi- 
tion of the exhaust gases from two four-stroke-cycle four-cylinder 
Diesel engines in proper mechanical condition has been deter- 
mined by precise analytical methods for fuel-air ratios ranging 
from approximately 0.01 to 0.09 lb per lb. This paper discusses 
the significance of these results in relation to combustion in the 
Diesel engine. 

The variation of exhaust-gas composition with fuel-air ratio 
is shown and indicates that combustion was essentially complete 
when excess air was present. When the two engines were operated 
in their normal range of fuel-air ratios the concentration of 
carbon monoxide never exceeded 0.12 per cent, and hydrogen 
and methane were never present in significant concentrations. 

Despite such low concentrations of carbon monoxide it was 
observed that the concentration of this gas was affected not only 
by fuel-air ratio but also by engine design and to a slight extent 
by factors that varied with engine speed. In tests of both en- 
gines the concentration of carbon monoxide reached a minimum 
at a fuel-air ratio of approximately 0.03 lb per lb. 

Aldehydes, which are intermediate products formed in the 
direct oxidation of hydrocarbons, were present in the exhaust 
gases from both engines. The concentration of these com- 
pounds never exceeded 31 parts per million and tended to increase 
as the fuel-air ratio was decreased. Preliminary studies have indi- 
cated that aldehydes may be partly responsible for the so-called 
acrid exhaust from Diesel engines. 

Throughout the normal operating range of both engines, free 
carbon was collected on filter paper through which exhaust gas 
was passed. Under these conditions the final exhaust generally 
was clear, although the calculated quantity of free carbon in 
the exhaust gas from one of the engines ranged from 2 to 6 per 
cent by weight of the fuel. Free carbon in the exhaust increased 
rapidly at fuel-air ratios greater than the maximum ratio in the 
normal operating range, and when the concentration of free car- 
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bon reached approximately 0.3 lb of carbon per 1000 cu ft of 
exhaust gas, smoke was easily noticeable. 

The presence of aldehydes in the exhaust is indicative of chill- 
ing of direct oxidation reactions, and the presence of free carbon 
at fuel-air ratios on the lean side is indicative of chilling of de- 
structive (cracking) combustion reactions occurring in locally 
overrich regions. These observations support the outline of the 
combustion process in the Diesel engine suggested by Boerlage 
and Broeze (8, 9). 

In the normal operating range of one engine the potential 
heat lost in the products of incomplete combustion was between 
1.5 and 5.5 per cent of the energy in.the fuel. Such low losses 
might not be detected unless precise methods of analysis were 
used to determine the products of incomplete combustion. 

The significance of oxides of nitrogen and oxides of sulphur 
in relation to the operation of internal-combustion engines is 
discussed briefly. 
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Appendix 


CALCULATION OF RESULTS 


The following nomenclature applies to the terms in the equa- 
tions given in this section: 


CO., CO, CH, Hz, O2, N2 = respectively, the percentage by 
volume of carbon dioxide, carbon monoxide, methane, 
hydrogen, oxygen, and nitrogen in the dry exhaust 
gas 
water vapor in exhaust, mols per 100 mols of dry ex- 
haust gas 
carbon in fuel, per cent by weight 
hydrogen in fuel, per cent by weight 
volume of dry exhaust gas, cu ft (at 60 F and 29.92 
in. Hg) per lb of fuel 
air-fuel ratio, lb of air per lb of fuel 
fuel-air ratio, lb of fuel per lb of air 
carbon-hydrogen ratio calculated from gas analysis, 
mols per mol 
carbon-hydrogen ratio calculated from fuel analysis, 
mols per mol 
mols of carbon per 100 mols of dry exhaust gas, cal- 
culated from exhaust-gas analysis 
mols of hydrogen per 100 mols of dry exhaust gas, 
calculated from exhaust-gas analysis 
free carbon in exhaust, per cent by weight of fuel 
free carbon in exhaust, pounds per 1000 cu ft (at 
60 F and 29.92 in. Hg) of dry gas 


In deriving the equations, the following constants were used: 
Mol volume = 379.4 cu ft of dry gas at 60 F and 29.92 in. 
Hg 
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Weight of 1 lb-mol of air = 28.98 lb 

Composition of air, percentages by volume: Carbon dioxide 
= 0.03; oxygen = 20.93; nitrogen (including other inert 
gases) = 79.04. 

The volume of exhaust gas per pound of fuel can be calculated 
from the stoichiometry of the combustion reactions by either of 
three methods: 

1 By a carbon balance, which assumes that all of the carbon 
in the fuel appears as carbon-containing gases determined in 
the exhaust-gas analysis. 

2 By a hydrogen balance, which assumes that all of the hydro- 
gen in the fuel appears as hydrogen-containing gases determined 
in the gas analysis or as water vapor which can be calculated 
from the exhaust-gas analysis by an oxygen balance. 

3 By a combined carbon and hydrogen balance, which as- 
sumes that all of the carbon and hydrogen in the fuel can be 
accounted for in the gas analysis either directly or by calculation. 
A further assumption is that the fuel contains only carbon and 
hydrogen. 

The ultimate analysis of the fuel is required in the first and 
second methods but not in the third. The three methods are 
illustrated in the following: ; 


Vo.uME or Dry Exuaust Gas PER PouNnpD oF FUEL 


Method 1—Carbon Balance. Mols of carbon from the fuel per 
100 mols of dry exhaust gas 


M, = CO, + CO + CH, — 0.03°........... (1] 
Mols of carbon per pound of fuel 
c 
100 X 12.01 
Mols of dry exhaust gas per pound of fuel 
c 
Cubic feet of dry exhaust gas per pound of fuel 
379.4c 


Method 2—Hydrogen Balance. Mols of hydrogen as water 
vapor per 100 mols of dry exhaust gas 


Total mols of hydrogen per 100 mols of dry exhaust gas 
M, = H,O + H; + 2CHy............... 
Cubic feet of dry exhaust gas per pound of fuel 


Method 3—Carbon-Hydrogen Balance. Pounds of carbon and 
hydrogen per 100 mols of dry exhaust gas 


[8] 
Cubic feet of dry exhaust gas per pound of fuel 


___ 879.4 X 100 
12.01M, + 2.016M, 


* Average concentration of carbon dioxide in intake air. This cor- 
rection is of importance only at low fuel-air ratios and when precise 
analytical methods are used. 
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In this investigation the carbon balance, method 1, was used 
at fuel-air ratios less than the chemically correct ratio. At higher 
fuel-air ratios the hydrogen balance, method 2, was used to avoid 
errors that would have been caused by the comparatively large 
quantities of free carbon present but not determined in the gas 
analysis. Considering only random errors in gas analysis it was 
estimated that the error in V calculated by the hydrogen balance 
probably would be four or five times greater than the error in 
V calculated by the carbon balance. Therefore, even though 
the exhaust gas may contain free carbon at fuel-air ratios less 
than the chemically correct one, there is no net advantage in 
using the hydrogen balance in calculating the results of a single 
test unless the proportion of the fuel appearing as free carbon is 
greater than the probable error in calculating V. There would be 
an advantage in using the hydrogen balance when the results of 
a large number of identical tests are averaged. 


Method 3 was not used in this investigation but has been 
included for comparison. 


Fuet-Arr Ratio 


The fuel-air ratio was calculated from the volume of dry 
exhaust gas using a nitrogen balance, or 


1 379.4 X 79.04 


f= = 98.98 VN; 
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CARBON-HyYDROGEN Ratio 


The carbon-hydrogen ratio was calculated from the gas 
analysis as follows 


r, = — 


where M, and M, may be calculated from Equations [1] and 
[6], respectively. 

The relation used to calculate the carbon-hydrogen ratio from 
the fuel analysis is 


FREE CARBON IN Exnaust Gas 


The free carbon in the exhaust gas, per cent by weight of fuel, 
is 


Free carbon in exhaust gas, pounds per 1000 cu ft of dry exhaust 
gas, is 


PoTENTIAL Heat Lost 1n Exnaust Gas 
Potential heat in carbon monoxide 


Btu per pound of fuel = [15] 
100 
Potential heat in free carbon 
Btu per pound of fuel = [16] 
100 
Potential heat in hydrogen 
Btu per pound of fuel = [17] 
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Potential heat in methane 
1012(CH,)V 


Bt d of fuel = 
u per pound of fue 100 
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Discussion 


H. E. Decuer.'® The writer does not agree with the author 
in the statement that the air-fuel ratio of internal-combustion 
engines can be calculated from the exhaust-gas composition with 
an accuracy of +2 percent. However, it is true that such a pro- 
cedure is convenient and probably of some relative value for the 
purposes of their paper. It is generally agreed that combustion 
in the internal-combustion engine is not perfect, but the incom- 
pleteness, as evidenced by the presence of carbon monoxide in the 
exhaust gases, is not very marked. The uncertainty of deter- 
mining accurately the small percentages of carbon monoxide in 
engine exhaust gases is well known. In addition, chemical tests 
on the condensed water vapor from the exhaust often reveal 
the presence of aldehydes (CH,O compounds) and other partly 
oxidized organic materials, as mentioned in the paper. For these 
reasons, it is the writer’s opinion that the air-fuel ratios supplied 
to the engine cannot be computed from the exhaust-gas composi- 
tion with the 2 per cent accuracy stated. In general, it is found 
that this discrepancy becomes greater as the supplied air-fuel 
ratios become larger. 

From the comparative results obtained on the two engines 
tested, there is no doubt but that the form of the combustion 
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chamber and the type of fuel-injection system are important con- 
siderations in the matter of obtaining efficient (more complete) 
combustion of the fuel. The authors did not state the general 
design of the two engines used for making these tests. The writer 
would like to inquire if engine A is an auxiliary-combustion- 
chamber type and engine B a direct-injection (open-combustion) 
design. It is unfortunate that investigators continue to use un- 
certain terminology in connection with the appearance of the 
Diesel-engine exhaust, such as “clear exhaust,” “generally clear,”’ 
“easily noticeable,” etc. A year ago the writer presented a 
paper!! in which he asked the question: ‘What is clear exhaust?” 
This was defined as, ‘a smoke standard established with the use 
of a smoke-density meter; clear exhaust being the condition when 
the smoke meter shows 50 per cent smoke density, which is the 
point when the exhaust becomes visible to the naked eye.” 

Engine manufacturers and operators have been increasing 
jacket-water temperatures in recent years, some as high as 212 F 
at atmospheric pressure, thus taking advantage of the latent-heat 
cooling effect in addition to the sensible-heat removal. These 
higher temperatures will reduce the “chilling of direct oxidation 
reactions,” as mentioned by the authors, and assure lower CO, 
decrease aldehydes, and reduce the free carbon in the engine ex- 
haust. There are possibilities of using sealed-water systems under 
pressure for cooling purposes. In liquid-cooled aircraft engines 
the coolant is generally ethylene glycol because of its high boiling 
(345 F) and low freezing (2 F) points, but it is inferior to water 
in other properties. 

In the usual combustion of hydrocarbons, there is a race be- 
tween thermal decomposition and hydroxylation. If the condi- 
tions favor hydroxylation, such as the use of a preheated hydro- 
carbon-air mixture and the allowance of sufficient time for the 
entrance of oxygen into the hydrocarbon molecule, there would 
be no soot. However, if conditions favor cracking, as for ex- 
ample, whenever the hydrocarbons and oxygen of the air are not 
thoroughly mixed, the heat from the combustion of part of the 
hydrocarbon cracks the remainder. 

The problem of ascertaining the nature of the active intermedi- 
ates is one of the most complicated in the field of the kinetics of 
gas reactions. Experimental evidence has been used to determine 
these radicals and the most probable sequence of the chain reac- 
tions. The initiation of these reactions depends upon the pres- 
ence of reaction centers, hot or actuated molecules at an energy 
level above the mass average, from which combustion spreads 
chainwise. A consideration of the absorption of energy in quanta 
and its correlation with the number of molecules reacting is neces- 
sary to account for the fact that combustion reactions do not 
follow the laws of mass action, as deduced from simple stoichio- 
metric equations. The success of some recent analysis to explain 
the larger number of experimental facts justifies the hope that the 
technology of combustion may be advanced from its present em- 
pirical state to a more scientific basis. 


W. H. Sanpers.'? The data presented appear particularly 
valuable since they have been secured by unusually skillful tech- 
nique in a type of experiment which has received comparatively 
little attention. It seems probable that work like this will be- 
come increasingly important as fuel-air ratios are raised in an ef- 
fort to make smaller and lighter engines; also as need to under- 
stand the Diesel combustion process becomes more urgent. 

Computation of fuel-air ratios from exhaust-gas analysis has 
been found quite satisfactory. Measurements were made on a 
four-stroke-cycle industrial Diesel by three methods: (a) a large 


M “Interpretation of Smoky Exhaust of Diesel Engines,’”’ A.S.M.E. 
Oil and Gas Power Division, Proceedings of National Conference, 


.Ann Arbor, Mich., paper No. 19, 1939. 


12 Naval Research Laboratories, Washington, D, C. 
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laboratory-type wet-test gas meter for intake air, and customary 
fuel-consumption measurements; (b) exhaust samples collected 
in evacuated bulbs for analysis with the Shepherd apparatus; 
(c) the method of addition of a foreign substance, with analysis 
before and after its mixing with the intake. Agreement to the 
order of 5 per cent was obtained. It was thought the agreement 
could have been improved by more precise gas analysis. In this 
particular case it was much more convenient to use gas-analysis 
apparatus than an orifice and surge tank large enough to insure 
steady flow. 


AutTuors’ CLOSURE 


The statement that the air-fuel ratio of internal-combustion 
engines can be calculated from exhaust-gas composition with an 
accuracy of +2 per cent is based upon the results of tests of the 
N.A.C.A. (6) in which this order of agreement was observed in 
comparisons of the air-fuel ratio, calculated from the exhaust-gas 
analysis, and the air-fuel ratio determined by weighing the fuel 
and measuring the air. These results were cited only to indicate 
the probable order of accuracy to be expected in calculating air- 
fuel ratio from exhaust-gas composition; it was not our inten- 
tion to infer that this accuracy would be attained under all con- 
ditions. In fact, in a previous paper (1) we pointed out that, 
even when excess air was present, the exhaust gases in our tests 
contained free carbon which, because it was not determined in 
the gas analysis, could lead to errors of as much as 5 per cent in 
the calculated fuel-air ratio when the carbon balance was used. 
This same conclusion is evident from the results presented in 
column 9 of Table 5 of the paper, which show the proportion of 
the fuel appearing in the exhaust as free carbon. 

The attainment of a high degree of accuracy in results calcu- 
lated from the exhaust-gas analysis was not of vital importance 
in our investigation, although some consideration was given to 
this factor in an earlier paper (1). Inasmuch as Professor 
Degler has raised the question of the accuracy of calculating fuel- 
air ratio from exhaust-gas composition, the following comments 
may be of interest: 

The accuracy of methods of calculating fuel-air ratio from ex- 
haust-gas analysis by means of material balances and chemical 
stoichiometry depends upon the three following factors: 

(a) The validity of the assumption that all of the particular 
material in question is determined or can be accounted for by the 
results of the gas analysis. 
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(6b) The accuracy of the methods of sampling and analyzing 
exhaust gases. 

(c) The accuracy of methods of fuel analysis. 

From a study of the results of gas analysis, it was established 
that determinations of carbon-dioxide and oxygen concentration 
were, respectively, within +0.04 per cent and +0.06 per cent of 
the most probable value 99 per cent of the time. If these errors 
in gas analysis were the only consideration, it can be shown that 
the fuel-air ratio calculated by a carbon balance will be within 
+0.3 per cent of the most probable value at the chemically cor- 
rect fuel-air ratio and within +2 per cent at the lowest fuel-air 
ratio. Corresponding values for the probable accuracy of fuel- 
air ratios, calculated from a hydrogen-oxygen balance, would be 
+1.5 per cent and +9 per cent, respectively. This effect of ran- 
dom errors in gas analysis may be of interest in conjunction with 
Professor Degler’s statement that the discrepancy in calculated 
air-fuel ratios becomes greater as the air-fuel ratios become larger 
(fuel-air ratios lower). 

The principal source of error in calculating fuel-air ratio from 
exhaust-gas analysis lies in deviations from the assumption that 
the analytical procedure determines or accounts for all of the 
material on which the material balance is based. Our results 
show that free carbon was present in the exhaust gas. In addi- 
tion, unburned fuel and, as Professor Degler points out, alde- 
hydes and other partly oxidized hydrocarbon may also be present. 
Any of these compounds if undetermined would contribute to 
inaccuracies in the calculations of fuel-air ratio. In so far as al- 
dehydes soluble in water are concerned, these were determined in 
our tests and, therefore, cannot be considered as a source of error. 
Furthermore, we do not agree with Professor Degler’s statement 
that ‘‘the uncertainty of determining small percentages of carbon 
monoxide in engine exhaust gases is well known,” because a 
method'® is available for determining, with an accuracy of 
+0.003 to 0.005 per cent, low concentration of carbon monoxide 
in mixtures of engine exhaust and air. This method was used in 
our tests. 

With reference to Professor Degler’s question regarding the 
general design of the engine, this information is given in Table 1 
under ‘‘combustion system.’”’ As indicated in that table, both 
engines are of the auxiliary-chamber type. 

'8*The Determination of Carbon Monoxide in Air Contaminated 
With Motor Exhaust,” by M. C. Teague, Industrial and Engineering 
Chemistry, vol. 14, 1920, pp. 964-968. 
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Lateral Stiffness and Vibration in 
Engine Structures 


By RUSSELL PYLES,' OLEAN, N. Y. 


The forces tending to produce horizontal vibration in 
engine frames may be obtained from the bearing-load 
diagrams. For an eight-cylinder nine-bearing engine, the 
dominant forces occur at the center main bearing and 
bearings Nos. 3 and 7. The first major horizontal critical 
speed is the eighth order, which will come into resonance 
when the engine speed is one eighth the natural horizontal 
frequency of frame. 

In view of the difficulty of predicting the horizontal fre- 
quency of the complicated frame structure, a simplified 
empirical method of comparing stiffness of frames is given. 


mean effective pressure and a lower total weight of the unit, 

accentuates engine-vibration problems. Vibration occurs 
principally in the combustion chamber, crankshaft, and engine 
structure. Rough-running engines may result from any one or 
a combination of these. 

Combustion control and torsional vibration have been the 
subjects of much study and methods have been developed for 
handling these problems. This is not so true of frame vibration, 
probably because it has not in the past been generally trouble- 
some. However, this type of vibration is not new. Eighteen 
years ago, Ricardo* briefly discussed synchronous vibration of 
crankcases, particularly with respect to six-cylinder automotive 
engines. At this time, the six-cylinder engine was beginning to 
displace the four. The longer crankcase resulted in a lower 
natural frequency of the frames and without additional stiff- 
ness, resonant vibration was more probable. Cylinders were 
cast in pairs or threes, and bolted to the crankcase. This con- 
struction added no stiffness to the crankcase, and left it relatively 
flimsy at the middle. The advent of the enbloc crankcase seemed 
to remedy this trouble, because the stiffness of the cylinder box 
added to the crankcase raised the natural frequency of the struc- 
ture, moving serious critical speeds above the then prevailing 
running speeds. Larger stationary and marine engines have 
been relatively free from pronounced frame vibration because 
of low speeds and excessive weights, permitting the use of a large 
amount of metal with little regard for its efficient disposition. 
Heavy foundations also contribute some stiffness to the engine 
base. The trend to higher speeds and lighter engines will raise 
the frequency of the exciting forces, lower the natural frequency 
of the engine structure, and thus make the possibility of resonance 
more probable. In very light high-speed designs, crankcase 
deflections of serious magnitude may even result without reso- 
nance, but as a forced vibration. 

The broad function of the engine frame or crankcase and base 
is to carry the imposed loads and maintain proper alignment of 
all moving parts, principally pistons, rods, and crankshaft. De- 


eer engine speed accompanied by higher brake 


1 Engineer, Clark Bros. Co., Inc. 

2 “The Internal Combustion Engine,” by H. R. Ricardo, Blackie & 
Son Limited, London, England, vol. 1, 1922, p. 205. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of Tam American So- 
CIETY OF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


flection of bearing supports alters the normal load capacity of 
the bearing and at the same time permits crankshaft deflection 
which imposes additional bending stresses in the shaft. The 
question naturally arises as to what deflections are permissible. 
Considering the bearings, displacements of one bearing with 
respect to the others should be less than the oil-film thickness 
unless deflection of the shaft is allowed. Some deflection of the 
crankshaft is undoubtedly permissible, this being limited by shaft 
stress. Frame stress due to vibration deflection is not likely to 
be generally serious although frame failures have occurred. An 
important limiting factor appears to be the general discomfort 
experienced with vibration, enhanced by the appearance of 
relative movement in the engine structure. Vibratory move- 
ment to the average eye is always magnified and appears to have 
several times its actual amplitude. 


Fie. 1 CoNVENTIONAL FRAME AND Basg Form 


Fig. 1 indicates the conventional form of base and upper crank- 
case, bored for cylinder liners. Consider the base to be sup- 
ported at each end and a vertical load applied at the center main 
bearing. Stiffness in this plane is obviously great because of the 
depth of the continuous side walls of the water jacket and base. 
Now apply the bearing load in a horizontal plane and it is evident 
that resistance to bending is smaller. No deep sections exist in 
the horizontal plane to contribute to rigidity. Side walls of the 
base and frame are relatively flexible under horizontally applied 
load. Obviously, the critical bending plane is horizontal and 
this is borne out by experience. For this reason, this discussion 
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Fic. 2. CRanK ARRANGEMENT AND HorizontaL LOADING FOR AN ENGINE 


is restricted to a consideration of horizontal forces and stiffness 
only. 


Forces ActTING at BEARINGS 


Lateral forces within the frame spring from three sources, 
(a) gas pressure, (b) inertia forces of reciprocating parts, and 
(c) centrifugal force of rotating masses. 

Horizontal components of gas pressure and inertia are due to 
the angularity of the connecting rod. The forces are transmitted 
through the rod to the crankpin and thence to the bearings. 
Centrifugal forces transfer directly to the bearings through the 
crank webs. These forces are transmitted to the base and frame 
structure through the bearing supports. 

A polar diagram of bearing loading, made in a conventional 
manner, shows the effect of the combined gas pressure, inertia, 
and centrifugal force all taken in their proper phase relationship. 
If we take horizontal components of the polar diagram at various 
crank angles and plot them—a curve of horizontal force versus 
crank angle is obtained. This may be done for each main bear- 
ing. When these curves are considered in their proper phase, 
depending upon firing order and crank arrangement, a fair picture 
is given of horizontal loading on the engine structure. 

This general method has been used here and applied to an 
eight-cylinder four-cycle engine. The eight-cylinder engine 
may be more susceptible to frame vibration than a four or six 
because the extreme length will result in a lower natural fre- 
quency of the frame. Fig. 2 shows the crank arrangement and 
firing order for such an engine. The horizontal components at 
the bearings are indicated for the crank positions shown at a 
speed of 720 rpm. 

Figs. 3a and 3b show the polar diagram and horizontal com- 
ponents for an intermediate bearing with cranks at 180 deg, 
that is, bearings Nos. 2, 4, 6, and 8. Note that the horizontal 
components are small and the complete cycle takes up 720 deg of 
crank angle. 

The diagrams for the other intermediate bearings (Nos. 3 or 
7) with cranks at 90 deg apart are shown in Figs. 4a and 4b. The 
scales for these curves are one half those used for the inter- 
mediate bearing with cranks 180 deg apart. Comparison of the 
maximum values of the horizontal components brings out the 
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insignificant effect of bearings Nos. 2, 4, 6, and 8 on horizontal 
frame loading. It will also be noted that the horizontal-com- 
ponent frequency at bearings Nos. 3 and 7 is engine speed. The 
condition at the center main bearing is similar, as indicated by 
Figs. 5a and 5b. The magnitudes of the loads and horizontal 
components are much greater due to the cranks at each side of 
the bearing being in line, centrifugal forces adding directly. 
Horizontal components again have a frequency of engine speed. 
Loads on the end bearings are not shown because the mean 
load is even smaller than that of the intermediate bearing with 
cranks 180 deg apart. Furthermore, considering the horizontal 
frame deflections, it seems logical to fix the base at each end. 


Fie. 6 Psase ANGLES oF HorizonTaL COMPONENTS OF BEARING 
Loaps 


It is evident from inspection of the horizontal-component 
curves that only three bearings can have any major influence on 
horizontal vibration. These are the intermediate bearings Nos. 
3 and 7, and the center bearing No. 5. In Fig. 6, the horizontal 
components for these three bearings are shown in their proper 
phase relation for the firing order 1-6-2-4-8-3-7-5 of Fig. 2. 
The frequencies are all engine speed, and at any instant during 
the cycle, there are forces at two bearings acting in one direction, 
while the force at the other bearing is opposite. If the frame 
structure is considered as a simple beam fixed at the ends, these 
fundamental loads will produce deflection curves which reverse. 
Such curves correspond to the elastic curves for the second and 
third mode of vibration. The natural frame frequencies for the 
second and third modes of vibration are higher than the natural 
frequency for the first mode of vibration. But for vibration of 
the first mode, which is the lowest natural frequency, it is neces- 
sary that the fundamental forces, or their harmonics, act in 
phase in the same direction. Each of the curves of Fig. 6 may 
be broken down by a Fourier analysis into a series of sine curves 
which, when added, give the original curves. This is the same 
procedure as used in determining the harmonic coefficients in 
torsional-vibration work. At no time are the fundamental forces 
of Fig. 6 all in phase, but the harmonics of some order may come 
into phase. The phase angles for the harmonics up to the eighth 
order are given in Table 1. 


TABLE 1 PHASE ANGLES 


Bearing —_ 
No. deg 2 3 
3 0 0 0 0 
5 135 135 270 45 
7 270 270 «6180 90 


Orders 
4 5 


0 0 
180 315 90 

0 270 270 

All harmonics are not in phase until the eighth order. This 
is the first major critical for vibration of the first mode. In 
other words, the first critical speed occurs when the engine speed 
is one eighth the horizontal natural frequency of the frame struc- 
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ture. It is further possible, by methods similar to those used 
in torsional-vibration work, to evaluate the energy of bending 
due to the eighth-order harmonics. However, to determine the 
amplitude of horizontal vibration requires a knowledge of 
the horizontal natural frequency of the structure as well as the 
amount of damping present. Herein lies the rub. 


STIFFNESS AND FREQUENCY OF STRUCTURE 


Analytical determination of the horizontal natural frequency 
of the frame structure must be based upon values for lateral 
stiffness and the mass taking part in vibratory movement. Be- 
cause of the generally complicated construction, it appears im- 
possible to arrive at a true method of establishing stiffness. 
Frame and base sections near the horizontal plane of the bearings 
contribute their full stiffness to the structure. However, the 
contribution of the A-frame legs, the upper crankcase, and lower 
base is problematical. Rigidity is further effected by the base 
support. An engine grouted into concrete certainly is more 
rigid than the same engine mounted on relatively light channels 
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Fie. 7 Stationary Enoinge StTiFFENING WEBs aT THE Hori- 
ZONTAL PLANE OF THE CRANKSHAFT 
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PYLES—LATERAL STIFFNESS AND VIBRATION IN ENGINE STRUCTURES 


in a locomotive. Estimation of the effective engine mass vi- 
brating horizontally is equally difficult. Horizontal-vibration 
amplitudes should be a maximum adjacent to the plane of load 
application, that is, at the horizontal center line of the crank- 
shaft. Cylinder heads and the upper frame being elastically 
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Fic. 8 Frame SEctTION oF A STATIONARY ENGINE 
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Fic. 9 Martne-Type 8 X 10!/+IN. Horizontar 
STIFFENING WEBS 
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connected do not attain the amplitudes existing at the plane of 
the crankshaft. 


Simplifications may be made by taking moments of inertia of 
those sections adjacent to the bearings and neglecting the stiff- 
ness contribution of the upper frame and bottom of the base. 
Fig. 7 is a section through a 10 X 12-in. 720-rpm engine, and 
Fig. 8 is an enlarged view of the sections in the horizontal plane 
of the crankshaft. If it is assumed that the sections at each side 
are rigidly connected through the vertical sections under the 
bearings, moments of inertia can be evaluated about the center 
line of the crankshaft. The structure can thus be reduced to 
a simple beam supported at the ends. The natural frequency 
of such a beam can be calculated when the weight of the beam is 
known. This is done in the following Appendix. 

The limits for the effective weight of the beam are: (a) Mini- 
mum, when the weight is only that of the beam excluding all 
other engine weight; and (b) maximum, when the total engine 
weight is assumed distributed along the beam. 

For condition (a), the calculated natural frequency hori- 
zontally is F, = 19,260 cycles per min, and for (b) F, = 3750 
cycles per min. These limits are so far apart as to be of little 
use from a design standpoint. Actually, this engine at 720 
rpm exhibits no sign of lateral vibration, which places its natural 
horizontal frequency as definitely above (8 X 720) 5760 cycles 
per min. 

After an engine is built, its horizontal frequency can be deter- 
mined experimentally by using a variable-speed motor-driven 
rotating weight mounted on the side of the base, at the same time 
taking vibrograph records. However, this is too late to be of 
any use in the design stage. 

Briefly summarizing the theoretical aspects, the forces and 
their frequencies acting to produce horizontal vibration may be 
determined. The reaction characteristics of the frame structuré ~ 
to these forces are not readily predictable, within practical limits 
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Fie. 12 Frame SEecTION oF THE LOCOMOTIVE-TyYPE ENGINE SHOWN 
IN Fie. 10 


Design Cueck METHOD 


The designer is thus forced to rely upon experience and prac- 
tice, tempered with a little theory. For some time prior to this 
investigation, an empirical method has been used for checking 
lateral stiffness of engine structures. Because the method has 
in every case resulted in frames of adequate lateral rigidity, it is 
given here. 

The frame is reduced to a simple beam supported at each end. 
Moments of inertia are taken about the center line of the crank- 
shaft using those sections of the base and frame which run the 
full length of the engine, and lie in the region of the horizontal 
center line of the shaft. These sections provide the main hori- 
zontal stiffness near the region of load application. Cross sec- 
tions of an 8 X 10'/,-in. engine and a 9 X 12-in. V-engine are 
shown in Figs. 9 and 10, respectively. The sections considered 
for horizontal stiffness are given in Figs. 11 and 12, respectively. 
Additional horizontal stiffening sections are shown in Fig. 13 
for a 9 X 12-in. vertical engine, and in Fig. 14 for a 12 X 12-in. 
V-engine. Characteristics of these engines are given in Table 2. 
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Fic. 13 HortzontTat STIFFENING SECTIONS OF A 9 X 12-IN. VER- 
TICAL LOCOMOTIVE-TYPE ENGINE 
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Fig. 14. Horizontau STIFFENING SECTIONS OF A 12 X 12-IN. Locos 
MOTIVE V-TyPE ENGINE 


It has been shown that the maximum horizontal load on the 
structure is due to the center main bearing. It is also true that 
the values of the harmonics will be proportional to the magnitude 
of the fundamental force at the center main bearing. For com- 
paring engines of a similar crank arrangement, for instance 
sixes, or twelve-cylinder V-engines, simplification permits con- 
sidering only the center-bearing horizontal load. On these 
premises, any deflection values calculated cannot be considered 
literally but only comparatively. 

The loads at the center main bearings being known from the 


TABLE 2 ENGINE CROSS SECTIONS 


Figure No. of Speed, Bore and Frame and base 
o. cylinders rpm stroke, in. material 
8 6 720 10 X 12 Both _high-tensile 
cast iron A 
ll 6 900 8 X 10!/2 Both _high-tensile 
cast iron 
12 12-V 900 9 X 12 Frame—cast steel 
Base—welded steel 
13 6 900 9X 12 Frame—cast steel 
Base—welded stee! 
14 12-V 800 12 X 12 Both steel casting 
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bearing-load polar diagrams, and the moment of inertia of the 
simple structure evaluated, a deflection curve for the simple 
beam may be calculated from 


P? 

These deflection curves are shown in Fig. 15 for the various 
engine sections. All of these engines except Fig. 14 have oper- 
ated over extended periods with entire absence of any lateral 
vibration difficulties. Frame failure did occur in Fig. 14 and 
was remedied by changes in the base to increase stiffness. From 
these very limited data, it can only be concluded that deflections 
as calculated of as much as 0.007 in. may be dangerous, and in- 
versely, that deflections of 0.0035 in. or less are likely to result in 
satisfactory rigidity. 


Appendix 


The natural frequency of a bar with hinged ends is given by® 


where n = mode of vibration = first; 1 = length of bar = 105 
in.; HZ = modulus of elasticity = 15,000,000; A = cross-section 
area = 26.63 sq in.; s = specific weight of bar material = 0.26 
lb per cu in.; g = acceleration of gravity = 386 in. sec*; and 
I = moment of inertia = 6082 in.‘ 

Considering only the weight of the bar, and substituting in 
Equation [1] gives 


F, = 321 cycles per sec = 19,260 cycles per min 


This is the high limit for natural frequency. 

The lower limit of frequency obtains when the whole weight 
of the engine is considered as distributed along the length of the 
bar, in which case As in Equation [1] is replaced by engine- 
weight/engine-length, in this case 20,000/105 = 190 lb per in. 
of length. Substituting in Equation [1] gives 


F, = 62.4 cycles per sec = 3750 cycles per min 
This is the lower limit for natural frequency. 


_*“Vibration Problems in Engineering,” by 8S. Timoshenko, D. 
Van Nostrand & Co., Inc., New York, N. Y., 1927, p. 229. 
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Discussion 


©. I. Burns.‘ The horizontal forces instigating frame defor- 
mations in vertical engines are applied at the running-gear reac- 
tions. At the cylinder or crosshead guide occur the side-thrust 
reactions, comprising the gas pressure and inertia-force horizontal 
components. At the crank main bearings the side-thrust reac- 
tions occur, combined with the centrifugal force of the rotating 
parts. 

The side-thrust loads, which are of variable intensity, direction 
and point of application, impose cantilever-beam deflections and 
stresses on the conventional engine structure, resulting in trans- 
verse deformations at the cylinder heads, accompanied by tensile 
and compressive stresses normal to the bearing-load beam stresses 
discussed in the paper. Thus, the longitudinal crankcase mem- 
bers are subjected to two-dimensional stresses. In the vicinity 
of the stressed transverse members, the longitudinals are sub- 
mitted to three-dimensional primary stresses which materially 
complicates an accurate analysis. Where the unit combined 
stresses run high, just below the endurance limit or the elastic 
limit of material, failure of the frame may be caused by abrupt 
discontinuity in cross section or by surface finish and high notch 
sensitivity of material. Fatigue frame failures are progressive 
and originate at points of high stress concentrations. 

Rapid combustion subjects the engine structure to a shock load- 
ing which may be considerably in excess of the apparent static 
load and an approximate coefficient of impact may be obtained 
by considering the time rate of pressure rise of the main bearing 
load and side-thrust diagrams. 

With a view toward the reduction of forced crankcase-vibration 
amplitudes, the importance of a prudent combination of bearing 
loadings is suggested by a consideration of a few characteristics. 
For completely counterbalanced opposed-crank throws, the polar 
bearing-load diagram for four-stroke engines would indicate that 
the predominant load both in intensity and rate of change is down- 
ward, due principally to the gas pressure; the horizontal loads, 
which are gradually applied, arise from secondary inertia forces. 
When in-line throws are employed, as in the case of center bear- 
ing of six-cylinder engines, the loads are of high intensity and 
the polar diagrams are nearly constant in form, due to the high 
centrifugal force. The intermediate-bearing polar diagrams in- 
variably show the most erratic characteristics both as to form and 
intensity. Several rapid reversals in direction and of moderate 
intensity usually occur at intermediate bearings of six-cylinder 
engines. The end main bearings generally are the least in magni- 
tude but have several directional variations. The deflection 
effects on the crankcase beam are dependent upon the relative 
positions of the crankpins, the cyclic relation of each, the engine 
speed, and the nature of the combustion process. 

In both V- and W-type engines, polar main-bearing diagrams 
reveal markedly greater horizontal force components but this is 
compensated for by the inherently stiffer shape of the housings 
for accommodating the cylinder banks. In very large marine 
engines, frame stresses and deflections originating from rolling 
and impact, should be analyzed. 

The manner of fitting the engine mounting, in addition to the 
relative stiffness of frame and foundation, has a pronounced ef- 


‘ Assistant Engineer, New York Navy Yard, Brooklyn, N. Y. 
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fect on the degree of integrated rigidity between the engine struc- 
ture and the seating upon which depends the resultant stresses, 
deformations, and natural frequency of vibration. For example, 
the maximum-deflection ratio of a beam fixed at both ends to a 
beam simply supported is 1 to 4 when a concentrated central 
static load is applied. 

Some additional variables which contribute to the dilemma of a 
rational analysis are secondary stresses, rate of loading of each 
member, elastic and resilient moduli, degree of discontinuity of 
sections, variations in individual cylinder working-substance per- 
formance and variations of load and speed within the operating 
range of the engine. 


P. M. Hetpt.6 The writer’s experience has been confined to 
automotive engines, and what follows has reference to this type. 
In the development of these engines, as we passed from the single- 
and the two-cylinder to the four, the six, and the eight-in-line, 
each increase in length and accompanying increases in speed and 
combustion pressure made certain vibration problems more acute. 
Trouble arose from both torsional vibration of the crankshaft and 
transverse vibration of the engine block. Engines, in which this 
latter type of vibration is pronounced, are usually referred to as 
“rough.”” It took a long time to realize that a vertical engine 
will vibrate more readily in the horizontal than in the vertical di- 
rection, since both of the exciting forces, the gas pressure and the 
inertia, are vertical. It is the writer’s belief that the discovery 
that the vibration of rough engines is predominantly horizontal 
was made only after vibration-recording instruments had been 
made available to the engine builders. 

Six-cylinder engines were used in stock automobiles in this 
country as far back as 1905, and the eight-in-line was introduced 


5 Engineering Editor, Automotive Industries, Philadelphia, Pa. 


FEBRUARY, 1941 


in 1921. However, up to the late 1920’s, most crankcases of six- 
and eight-cylinder automobile engines were mere shells, with a 
number of transverse bulkheads supporting the bearings. What 
little transverse horizontal rigidity these crankcases had was due 
mainly to the deck carrying the cylinders, and to the flange run- 
ning around the lower edge. At first this flange was made only 
sufficiently wide to support the gasket, but in some of the later 
engines its width was practically doubled. So far as the writer’s 
recollection goes, the first engine with a crankcase obviously de- 
signed to provide great transverse rigidity was a bus engine with 
an aluminum crankcase brought out by Waukesha in 1929. In 
this there was a substantial box section extending along the bot- 
tom of the crankcase on either side. In addition to transverse 
rigidity, great vertical rigidity also was aimed at, by making the 
crankease of more than the usual depth and submerging the 
lower half of the cylinder block in it. With aluminum, of course, 
a greater stiffness of form is necessary, because the modulus of 
elasticity is less than that of cast iron. While the box section at 
the bottom of the crankcase sides has been adopted by a number 
of other designers, the use of channels, as shown in the author’s 
Figs. 7 and 8, is now more common. In the automobile engine, 
these channels form part of the crankcase itself, rather than of the 
base. Also, the channel may be open either to the outside or 
the inside, and if the latter, the upper flange usually blends into the 
side of the crankcase with a large radius. 

Owing to the complicated shape of the crankcase, it is, of 
course, impossible to make an accurate calculation of its trans- 
verse rigidity. The author’s method of calculating it, by consid- 
ering only the principal sections contributing to it, is interesting 
and should give satisfactory results, especially if a check can be 
made by applying the method to data from engines which proved 
successful and others which failed because of insufficient block 
stiffness. 
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The Combustion-Gas Turbine 


By J. T. RETTALIATA,' MILWAUKEE, WIS. 


The numerous obstacles in the path of the development 
of the modern combustion-gas turbine have been ade- 
quately surmounted. Years of metallurgical and aero- 
dynamical research, resulting in better materials and an 
efficient compressor, are the factors which contributed 
most to the realization of a commercial gas turbine. Its 
advantages, when compa: < with other methods of power 
production, are manifold. Many new uses to which it 
can be profitably applied are anticipated when additional 
experience is obtained. 

This paper deals with the development and theory of 
the gas turbine, as well as the features which make it 
possess attractive potentialities for certain classes of 
service. 


ceiving publicity both in this country and abroad. Such 

recent attention may cause it to be erroneously regarded 
as an invention of modern times, whereas, in reality, the first 
patents were taken out on one during the latter part of the 
eighteenth century. Even at that early date engineers appre- 
ciated the advantages of a prime mover having rotary motion 
and also being devoid of the complexities existing in a steam plant. 
With a background of so many years it is natural to inquire why 
the cycle has not found practical application before now. 

In the early days the main difficulties with the gas turbine 
unit were the lack of available materials to withstand the high 
temperatures needed to produce good over-all thermal efficiencies, 
and a compressor of adequate efficiency so as to make the cycle 
feasible. Only in recent years have these two obstacles been 
overcome—today’s better materials enable temperatures of 
1000 F to be used; and an axial compressor, upon which years 
of aerodynamical research have been spent, affords the necessary 
high-efficiency compressor unit. 

Strangely enough, the advent of the steam turbine both in- 
hibited and aided the development of the gas turbine. Interest 
in the gas turbine waned in favor of the steam turbine, but it is 
primarily the progress in the development of materials for the 
latter that has been responsible for the realization of a commer- 
cial gas turbine. Its present stage of development and its future 
prospects were discussed recently by A. Meyer (1)? whose com- 
pany, Brown-Boveri, has pioneered in the development of the 
gas turbine. 


\ PRESENT the combustion type of gas turbine is re- 


Gas-TURBINE AXIAL-CoMPRESSOR UNIT 


A modern gas-turbine axial-compressor unit is shown in Fig. 1. 
A five-stage reaction-type gas turbine A is directly coupled to B, 
a fifteen-stage axial compressor. Air from the atmosphere enters 
the compressor where its pressure is raised. Part of the air dis- 
charged from the compressor is used for combustion purposes in 
the oil burner C; the remaining air flowing through the annular 


! Steam Turbine Department, Allis-Chalmers Manufacturing Com- 
pany. Jun. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of Tae American So- 
CIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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space and cooling the products of combustion to a satisfactory 
turbine inlet temperature. The gas, a mixture of air and com- 
bustion products, then expands through the turbine from which 
it is exhausted to the atmosphere. The power developed by the 
turbine is greater than that required by the compressor and the 
excess power is supplied to the generator D. In order to start 
the unit from a standstill, a motor E is provided to bring the 
unit up to about 25 per cent of normal speed at which point 
the turbine is capable of driving the compressor. 

The unit is controlled by a speed governor connected to the 
fuel-oil supply. In this way the inlet-gas temperature to the tur- 
bine is varied, thus changing the power developed by the 
turbine. An emergency governor actuates a by-pass valve 
around the turbine when a designated overspeed is exceeded. 
The turbine and compressor are connected through a solid 
coupling which enables their equal axial thrusts to neutralize 
each other, thus eliminating the necessity of balance pistons. 

In Fig. 2 is shown a view of a partially assembled gas-turbine 
axial compressor with the top half of the casing removed. This 
unit is rated at 23,000 cfm of air at standard conditions. The 
turbine, at the left, is mounted on a common bedplate with the com- 
pressor at the right. Proceeding from left to right along the 


eS 


Tue Gas-TuRBINE Power UNIT 


B—axial compressor; C—oil burner; 
E-—-starting motor.) 


Fie. 1 


(A—gas turbine; D—generator; 


Fie. 2 ParTIALLy ASSEMBLED GaAs-TURBINE AxIAL-CoMPRESSOR 
UNIT 


en 
BY 5 
—— 
| 
— 


116 TRANSACTIONS OF THE A.S.M.E. 


turbine shaft are located: The emergency governor and the ex- 
posed head of its stop bolt whose radial movement releases the 
trip mechanism of the by-pass valve upon the attainment of a 
predetermined overspeed; a turbine shaft bearing; a labyrinth 
sealing gland composed of radially projecting fins on the shaft 
which rotate with close clearances in narrow grooves in the casing; 
the turbine inlet opening; six rows of radial clearance reaction 
blading; the turbine exhaust opening; a labyrinth sealing gland 
(not visible); a shaft bearing; and one half of the solid coupling 
at the end of the turbine shaft. 

Continuing in the same direction along the compressor shaft 
can be seen: The compressor half of the coupling which engages 
the half coupling on the end of the turbine shaft; a shaft bearing; 
a labyrinth sealing gland similar in construction to that previously 
described in the case of the turbine; the compressor intake; 
twenty-one rows of blading; the discharge opening; a labyrinth 
sealing gland (not visible); a shaft bearing; and coupling to 
which a reduction gear is connected. 

Supplementing the turbine and compressor with a generator, 
combustion chamber, fuel controls, and a lubrication system 
completes the power plant. 

The turbine cylinder is made of molybdenum cast steel and is 
split on the horizontal center line. Both inlet and outlet nozzles 
~ are located in a vertical plane; the inlet nozzle being cast in one 
piece with the upper cylinder half and the exhaust nozzle being 
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cast in one piece with the lower cylinder half. A by-pass con- 
nection is furnished joining the inlet and exhaust through a 
safety valve. 

The casing is provided with a sufficient number of ribs and stay 
bolts designed to maintain its shape yet permitting it to expand 
freely. 

The gas-turbine spindle is made of a solid chrome-nickel-steel 
forging. The bladed spindle can be seen in Fig. 2. 

Cylinder and spindle blades are made of stainless steel. These 


FEBRUARY, 1941 


blades, with spacer pieces, are shown in Fig. 3. The cylinder 
blades are made from a straight rolled section, whereas, the ta- 
pered spindle blades are milled from solid bar stock. The cyl- 
inder blades are held in place by the combined action of spacer 
pieces and the coincidence of a slot in the blade and a projecting 
ring in the groove. The spindle blades are securely fastened by 
the engaging of the upset end of the blade with serrated spacer 
pieces. 

Labyrinth glands are provided where the spindle ends pass 
through the casing. Sealing air is taken from the compressor 
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discharge and injected at a suitable point along the labyrinth in 
order to prevent gas from leaking to atmosphere. Separate valves 
are provided in the sealing lines to both glands. 

The turbine spindle is carried by two special roller bearings. 
Lubricating oil is supplied to individual spray nozzles at a pressure 
of 25 to 30 psi, gage. 

A solid coupling is provided to transmit the torque from the 
turbine to the compressor. 

The compressor casing consists of a cast-iron cylinder, hori- 
zontally split, with inlet and outlet openings directed vertically 
upward and cast together with the upper half. 

The compressor rotor is of forged steel consisting of two parts: 
a drum with one shaft end, and a shaft end having a hollow cylin- 
der for the spindle proper. The hollow cylinder is shrunk onto 
the drum and locked. Labyrinth sealing glands are provided on 
the rotor ends where the shaft emerges from the casing. The 
bladed rotor can be seen in Fig. 2. 

The cylinder and spindle blades, shown in Fig. 4, for the com- 
pressor are made of 5 per cent nickel steel. The types of root 
fastening are similar to those described for the gas turbine. The 
cylinder blades are milled and cam ground to varying sections 
that increase in area in a radial direction toward the center of 
rotation. Such contours are required by aerodynamic theory in 
order to give a high-efficiency axial compressor. 


Tue Gas 


The combustion-gas turbine operates on the Brayton cycle 
consisting of two isentropic and two isobaric lines. 
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The theoretical cycle on the pressure-volume plane is shown in 
Fig. 5. The isentropic compression in the compressor is repre- 
sented by AB. The isobaric addition of heat in the combustion 
chamber is shown by BC. Line CD depicts the isentropic ex- 
pansion in the turbine. The assumption of a closed cycle requires 
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that the exhaust gas be cooled along the constant-pressure line 
DA. The energy theoretically required to compress one pound 
of air in the compressor is represented by the area EFBA. The 
energy liberated by one pound of gas expanding in the turbine 
is shown by the area EFCD. Consequently, the difference be- 
tween these two areas, ABCD, would represent the theoretical ex- 
cess energy available for power purposes. 

In a steady-flow reversible process the compressive and ex- 
pansive energies per pound are equivalent to area 


Pi 
EFBA = [1] 


Ps 
and area 


Py 
EFCD = [2] 


respectively; therefore, the excess energy may be expressed as 
area 


Using perfect gas relationships, Equation [3], upon integration 
and substitution of limits, becomes, in units of Btu per pound 


k-1 
144 k P,\—— 


where k = isentropic exponent of fluid in cycle; P; = pressure 
at compressor discharge and turbine inlet, psi, abs; P; = 
pressure at compressor intake and turbine exhaust, psi, 
abs; Vc and Vg = specific volumes, at turbine inlet and 
compressor discharge, respectively, cu ft per Ib. 
The theoretical cycle on the temperature-entropy plane is 
shown in Fig. 6. The nomenclature is similar to that used in 
Fig. 5. The excess energy, in Btu per pound, will be 


where c, = specific heat of fluid at constant pressure; and 
T4 Tz, Tc, Tp = temperatures, in degrees Fahren- 
heit abs, at compressor intake and discharge, and 
turbine inlet and exhaust, respectively. 


Ah ape: 


Referring to Equation [5], the excess energy in Btu per pound 
is equivalent to the product of the specific heat at constant pres- 
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sure and the difference, expressed in degrees Fahrenheit, between 
the lengths of the lines AB and CD in Fig. 6. Thus the net useful 
output of the cycle is a function of the divergence of the constant- 
pressure lines on the temperature-entropy plane. 

It must be remembered that the previous discussion on the 
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gas cycle, in the interest of simplicity, has involved only theo- 
retical considerations. In actual operation other factors which 
reduce materially the output energy must be taken into account 
when ascertaining the real excess power obtainable. 

For example, the efficiencies of the turbine and compressor 
must be considered, and also the drop in pressure between the 
compressor and turbine. The isentropic exponent k must be 
the ratio of the mean value of the variable specific heats for the 
temperature ranges involved. There must be a further, although 
slight, correction made for the larger quantity of gas flowing 
through the turbine due to the fuel added for raising the tem- 
perature of the air. The true excess energy then will involve these 
modifications and will be less than that given by Equations [4] 
and [5]. 

A theoretical and actual gas-turbine cycle are shown in Fig. 7 
on a combined temperature-entropy and enthalpy-entropy dia- 
gram for air, based on the Partington and Shilling (2) equations 
for variable molar specific heat. 

The incorporation of the enthalpy scale at the right facilitates 
the use of the diagram by eliminating the operation, shown in 
Equation [5], of multiplying the specific heat at constant pres- 
sure by the absolute temperature; the product being enthalpy. 
For convenience, the temperature scale reads directly in degrees 
Fahrenheit. 

For purposes of simplification, the composition of the gas in the 
turbine is taken as the same as the air in the compressor. This is 
essentially correct for a power cycle as the amount of fuel added 
to raise the temperature of the air is less than 1 per cent of the 
quantity of air flowing through the compressor. 

The theoretical cycle is shown by ABCD in Fig. 7, whereas 
AB'C'D' represents the actual cycle after losses have been taken 
into account. 

Assuming the fuel required to be 1 per cent of the quantity 
of air compressed, the effect of losses will result in an actual 
excess energy equivalent to 


1.01 Ahe’p’— Ahaz’ 


per cent of the theoretical. In the actual cycle depicted in Fig. 7, 
63 per cent of the theoretical excess energy is not realized, thus 
demonstrating the importance of a highly efficient turbine and 
compressor and also the necessity of maintaining small pressure 
drops in the combustion chamber. 

In the example just discussed, the composition of the gas in 
the turbine was assumed to be identical with that of the air in the 
compressor. Some cases arise, however, wherein the turbine re- 
ceives gas of an entirely different composition, such as products 
from a chemical process. In these instances the energy per pound 
of expanding fluid cannot be obtained from Fig. 7 but must be 
determined from the thermodynamic properties of the par- 
ticular gas in question. 


Axr1aL-CoMPRESSOR CHARACTERISTICS 


As mentioned previously, the governing of a power unit is 
accomplished by controlling the quantity of fuel supplied to the 
combustion chamber and thus varying the temperature of the gas 
entering the turbine. Other factors remaining constant, the ab- 
solute pressure at the turbine inlet would .ary approximately as 
the square root of the absolute inlet temperature. 

The characteristics (3) of the axial-flow compressor are such 
that when operating at constant speed the volume of air at the 
intake varies only slightly with discharge pressure, as shown in 
Fig. 8. An examination of the curve will reveal that as the dis- 
charge pressure falls a small increase in suction volume results. 

When the power required by the compressor is exactly bal- 


FEBRUARY, 1941 


anced by the power delivered by the turbine, that is, when the 
excess power is zero, the temperature at the turbine inlet will 
be about 650 F. Consequently, using the relationship between 
pressure and temperature stated previously, and correcting for 
the slight increase in gas quantity at reduced pressure, the ab- 
solute inlet pressure under this new condition will be approxi- 
mately 10 per cent less than the design value. 

Therefore, the entire operating range of the unit, from no load 
to full load, is confined to that portion of the curve, Fig. 8, in- 
cluded between the normal point and point A. Thus, regardless 
of the electrical load, the unit operates very nearly at design 
values of pressure and gas flow. 

Although a reaction turbine and an axial compressor bear a 
physical resemblance to one another, the design problems asso- 
ciated with each are quite different. For instance, in the case of 
a fluid expanding in a turbine, the reheating effect, caused by 
friction in the blade passages, results in an over-all internal ef- 
ficiency better than the stage efficiency, whereas, in a compressor 
the reheat due to friction has a negative effect, and consequently 
depreciates the over-all efficiency to a value less than the indi- 
vidual-stage efficiency. 


° 


@ 


PER CENT OF NORMAL VALUE 


8 


20 


ABSOLUTE DISCHARGE PRESSURE, 
\ 
‘ 
\ 
\ 


° 20 40 60 80 100 120 140 
INTAKE VOLUME, PER CENT 


Fie. 8 CHARACTERISTICS 


The axial type of compressor has a limited stable operating 
range at any given speed. At full speed stable operation will only 
exist down to about 90 per cent volume, beyond which point 
the compressor will commence “pumping.” This phenomenon 
occurs at reduced volumes because then the small axial velocity 
component causes the air to enter the blades at an extremely 
glancing angle, which results in loss of contact on the backs of the 
blades and subsequent unstable conditions. The axial com- 
pressor may be operated stably at reduced volumes, however, 
by decreasing the speed. In Fig. 8 the region of unstable opera- 
tion is represented by the area to the left of the broken line. 

In contrast with the type of operation exhibited by the axial 
compressor is that of the centrifugal compressor with its stable 
range extending to approximately 50 per cent volume or lower at 
full speed. However, owing to its lower efficiency the centrifugal 
compressor, unless it were elaborately water-cooled, could not 
replace the axial type for the application under consideration. 
Furthermore, due to the fact that temperature and not quantity 
control is used on these units and, as previously discussed, the 
operating range is limited to a relatively small portion of the 


(| 
Rape 
| 
Bee 
} 
| | _ | | | } | 
FED 
ae ERIC PRES \ | I 
3 
Ses 
ti 
ce 
ea 
Tre 
fo 
1] 


RETTALIATA—THE COMBUSTION-GAS TURBINE 119 


pressure-volume curve, the axial type of compressor is well 
adapted to this class of service. 


THERMAL EFFICIENCY 


For any given turbine-inlet temperature there is one com- 
pressor pressure ratio for which the thermal efficiency of the unit 
will be a maximum, as shown in Fig. 9. 

The sensitivity of the cycle to temperature is effectively dis- 
played by a doubling of thermal efficiency when the tempera- 
ture is increased from 600 to 800 F. 
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Fig. 9 THERMAL EFFICIENCY AS A FUNCTION OF PRESSURE 
Ratio FoR Various TURBINE INLET TEMPERATURES—NONREGEN- 
ERATIVE CYCLE 


(ti = turbine inlet temperature.) 


Another reason for the gas turbine remaining in the back- 
ground during its long development period may be had from the 
lower temperature curves in Fig. 9. The poor thermal efficiencies 
shown by these curves must be decreased still further when the 
lower efficiencies of the earlier turbines and compressors are taken 
into account. Small wonder then if the developers of the early 
gas turbines made slow progress when such limited temperatures 
were imposed by inferior materials. 

The highest normal operating temperature of any of the gas- 
turbine units built to date has been 1000 F. The higher-tempera- 
ture curves are exhibited to demonstrate the possibilities of pro- 
jected development. Research on blading materials, however, 
indicates that increased temperatures may be considered as 
practical in the not too distant future. 

Reference to Fig. 7 will reveal that the turbine exhaust gas is 
discharged at 612 F into the atmosphere. Such degradation of 
energy naturally hinders economical operation. One of the 
various methods by which the thermal efficiency of the gas cycle 
may be improved is by the use of a heat exchanger. In this man- 
ner the exhaust gas from the turbine may be utilized in raising 
the temperature of the air discharged from the compressor. 

The introduction of a heat exchanger must be undertaken with 
caution, however, as an excessive pressure drop through it may 
easily nullify any increase in efficiency that could otherwise be 
realized. Nevertheless, when properly designed, improved per- 
formance is readily attainable. 

By the addition of a heat exchanger (4) having a size of about 
11 sq ft per excess horsepower, the thermal efficiency of a unit 


operating with a turbine admission temperature of 1000 F may be 
increased approximately 50 per cent. 

Thermal efficiency as a function of pressure ratio for various 
efficiencies of turbine and compressor is shown in Fig. 10. The 
importance of high turbine and compressor efficiencies is strik- 
ingly brought out, for increasing these efficiencies from 0.75 to 
0.90, a 20 per cent change, results in a 400 per cent increase in 
maximum thermal efficiency obtainable. 

The curves are all based on a turbine inlet temperature of 
1000 F. Their trend will naturally be upward when future ma- 
terials warrant safe operation at higher temperatures. 

It will be noticed that the peaks of the various curves occur at 
different values of pressure ratio, thus signifying the dependence 
of maximum thermal efficiency upon the correct association of 
pressure ratio with combined efficiency of turbine and compressor. 

Here again is emphasized the need of a highly efficient turbine 
and compressor. Only because the modern gas-turbine axial- 
compressor unit possesses this necessary high efficiency is the 
cycle commercially practicable today. 

The effect on thermal efficiency of a drop in pressure from the 
compressor discharge to the turbine inlet for various turbine 
efficiencies is shown in Fig. 11. No regenerator is included in the 
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cycle and the turbine inlet temperature is assumed to be 1000 F. 

The pressure drop is expressed as a ratio of turbine inlet pres- 
sure to compressor discharge pressure. Similarly, the effect of 
this pressure drop is signified by the ordinate scale showing the 
ratio of the thermal efficiency obtainable with a pressure drop 
to that which would exist in a cycle without a drop in pressure. 

The curves indicate the effect of pressure drop on thermal 
efficiency to be more pronounced at lower turbine efficiencies. 
Furthermore, the slopes of the curves increase with increasing 
pressure drops. 

Selecting values from the curves shows that a 5 per cent drop 
in pressure with a turbine efficiency of 80 per cent causes a 17 per 
cent decrease in thermal efficiency. 

Fig. 11 quite effectively demonstrates the importance of a de- 
sign free from any serious restrictions to flow. A study of the 
curves will show how the use of a heat exchanger with a pro- 
hibitive pressure drop would have a deleterious effect on the 
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thermal efficiency possible of attainment with a properly de- 
signed regenerator. 

In certain chemical processes gas-turbine axial-compressor 
units are used for supercharging. High-temperature gas returned 
from the process is furnished the turbine for the development 
of power. In some of these instances the pressure drop in the 
process is high enough to reduce to zero the excess power which 
would otherwise be obtainable with a moderate drop in pressure. 
Such inefficiency is only tolerated, however, in these special 
cases where the primary concern is the delivery of air and not the 
production of power. 

Thermal efficiency as a function of the combined efficiency of 
the turbine and compressor for various compressor efficiencies 
is shown in Fig. 12. The curves are computed on basis of a pres- 
sure ratio of four and a turbine admission temperature of 1000 F. 

One important feature to recognize is that lower compressor 
efficiencies yield higher thermal efficiencies for any given com- 
bined efficiency. This results from the turbine handling larger 
quantities of energy than the compressor. Therefore, if the level 
of combined efficiency is fixed it is more advantageous to favor the 
turbine than the compressor. For instance, an assumed com- 
bined efficiency of 64 per cent could be obtained by turbine and 
compressor efficiencies of 80 per cent each, but higher thermal 
efficiency would result from an arrangement having the same 
combined efficiency yet consisting. of turbine and compressor 
efficiencies of 82 and 78 per cent, respectively. 
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An examination of Fig. 12 will reveal why the axial type of 
compressor was selected to operate in conjunction with the gas 
turbine instead of the centrifugal type. In general, in the range 
of pressures and volumes in which gas-turbine units operate, the 
highest adiabatic efficiency likely to be obtained with a multi- 
stage centrifugal compressor is about 75 per cent, whereas, for 
the axial compressor it is approximately 83 per cent or slightly 
higher. Using these figures and assuming a turbine efficiency of 85 
per cent, combined efficiencies of 63.8 and 70.5 per cent can be 
obtained with multi-stage centrifugal and axial compressors, re- 
spectively. Therefore, the maximum thermal efficiency that 
could normally be realized when using a centrifugal compressor 
in the cycle would be about 12.5 per cent, as compared with a 
value of 16 per cent, an increase of 28 per cent, obtainable with 
an axial compressor. 

Thus, the early inventor endeavoring to achieve success when 
employing the centrifugal compressor was doubly penalized: 
first, by the natural limitations of a cycle operating under tem- 
peratures not sufficiently high; and, second, by the inherent 
inefficiency of the compressor itself. His colleague using the 
axial compressor fared but slightly better, for he labored under 
the same temperature restrictions and his type of compressor 
did not reach its present efficient state until comparatively re- 
cently. 


Excess PowER 


The excess power of a unit as a function of compressor ef- 
ficiency for various turbine efficiencies is shown in Fig. 13. The 
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curves are+based on a cycle with no regenerator and a turbine 
admission temperature of 1000 F. 

A manifestation of the importance of high turbine and com- 
pressor efficiencies is presented by the curves. A 20 per cent 
increase in a turbine efficiency of 75 per cent entails a 300 per 
cent increase in excess power with a compressor efficiency of 75 
per cent. 

At a given turbine efficiency the excess power increases approxi- 
mately linearly with compressor efficiency. 

By reason of its molecular weight and isentropic exponent 
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(when in superheated vapor state) being less than that of air, 
water injected into the combustion chamber will increase the 
excess power developed by a given size of gas-turbine axial- 
compressor unit. Such a procedure, while augmenting the 
output of the unit, is nevertheless an inefficient practice owing 
to the latent-heat-of-vaporization loss at the turbine exhaust. 
If indulged in extensively the concomitant reduction in over-all 
thermal efficiency may prove prohibitive. 

The effect of intake-air temperature on the power delivered 
by a unit is shown in Fig. 14. As may be seen from the curve, an 
increase in temperature decreases materially the output of a given 
unit. On the other hand, a unit designed for normal operation 
with an intake-air temperature of 60 F will develop approxi- 
mately 50 per cent more than rated pgwer when the air tem- 
perature is reduced to 0 F. 

The output of a unit as affected by altitude is illustrated by the 
curve in Fig. 15. Upon examination it can be seen that high 
altitudes have an adverse effect on the power obtainable. 

If the unfavorable effect of temperature and altitude is of a 
temporary nature, as may be the case, for instance, in loco- 
motive or marine applications, it may be remedied by water 
injection. As mentioned before, however, such practice should 
be resorted to only when absolutely necessary because of the 
ensuing decreased economy of operation at such periods. 
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APPLICATIONS 


At the present time the principal commercial application of 
the gas-turbine axial-compressor unit in the United States has 
been in oil refineries. Air discharged from the compressor is 
used in a process and the resulting high-temperature gases are 
expanded in the turbine, producing power, the excess of which is 
supplied to a generator. In this arrangement, no combustion 
chamber is required as the process itself acts in this capacity. 

Many gas-turbine axial-compressor units operate as super- 
chargers in the Velox boiler, developed by Brown-Boveri, where 
the boiler-exhaust gases drive the turbine. 

A 4000-kw unit has been installed in an emergency stand-by 
power station in the city of Neuchdtel, Switzerland. Its 
simplicity and independence of water facilities ideally adapt 
the gas turbine to this class of service. Recently published 
tests, conducted by Stodola (5) indicate a coupling thermal ef- 
ficiency, based on lower heating value of fuel, of 18.04 per cent 
for this unit when operating on a nonregenerative cycle with a 
turbine inlet temperature of 1000 F. This is the first unit built 
for the primary purpose of producing power. 

A 2200-hp gas-turbine locomotive, with electrical transmission, 
is being built by Brown-Boveri for Swiss Federal Railways. 

In this country Allis-Chalmers, licensees of Brown-Boveri, is 
engaged in an engineering study (6) of the possibilities of the gas- 
turbine as a drive for locomotives of larger output. Both elec- 
trical and mechanical transmissions are being studied as well as 
the merits of the hydraulic coupling. One mechanical-drive lo- 
comotive is rated at 5000 hp at the power turbines. At an ef- 
ficiency of 90 per cent this corresponds to 4500 hp at the axle. 

The over-all length is approximately 87 ft, the height over 
the cab is 15 ft, and the width 10 ft 4in. The total operating 
weight is about 500,000 lb, or 112 lb per hp at the axle. 

There are two driving axles on each truck, the drivers being 
52 in. diameter and the total weight’ on them 280,000 lb. The - 
wheel base is 78 ft, which permits turning on an 80-ft turntable, 
so the cab and transmissions are designed for one-way operation. 

The power plant has been divided into two units of 2500 hp 
each, being lighter and better adapted to uniformly distribute 
the weight along the frame than a single 5000-hp unit, and also 
permitting a lower and better arrangement of the various ele- 
ments, especially the transmissions. 

The use of separate power turbines improves the performance 
as the compressor and its driving turbine can operate independ- 
ently at the best speed for the conditions regardless of the speed 
of the locomotive and the power turbine. 

The speed and power of the locomotive are controlled by a 
combination of manual and governor control of the fuel burned 
in the combustion chamber and by throttling the power turbine. - 

Numerous other natural and favorable applications of the gas- 
turbine axial-compressor unit will develop from time to time and 
probably include marine propulsion, blast-furnace plants, wind’ 
tunnels, special power plants, and other special applications. 
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Discussion 


W. R. New.’ The 6 or more years of impending hostilities in 
Europe, prior to September 3, 1939, revived interest in power 
cycles other than the steam cycle in which pressures had already 
been increased to the critical value with initial temperatures of 
almost 1000 F. The threatened necessity for operation of large 
power plants in bombproof shelters without access to sufficient 
water; inadequate supply of petroleum derivatives, particularly 
internal-combustion-engine fuels; and adherence to even more 
rigid national economies provided them with real incentives for 
this work. 

In this country, without these incentives, suggestions to con- 
sider other power cycles as an alternative to the conventional 
steam plant have proceeded almost invariably from some very 
restricted viewpoint. The author’s paper seems to fall within 
this category. 

The simplest arithmetical calculations of the exhaust-annulus 
dimensions of gas turbines, dicharging to the atmosphere, com- 
pared, for example, with those discharging at an elevated-pres- 
sure level, convinced the writer long ago that only a closed system 
need be considered for anything but small plants or small propul- 
sion equipment where refinements could be sacrificed in the inter- 
est of great simplicity. 

The apparent necessity of excluding nonadiabatic operations 
from the turbine and continuous-flow compressor, coupled with 
the simplicity and adequacy of constant-pressure processes for 
heat exchange, immediately suggests the Joule or Brayton cycle, 
shown idealized in the author’s P-V and T-S diagrams in Figs. 5 
and 6, as the simplest choice. With the irreversibilities inherent 
in heat addition from the source and rejection to the environment 
through the entire ranges of temperature B-C and D-A, respec- 
tively, this cycle can command little attention from those inter- 
ested in primary-power generation where plant thermal efficien- 
cies of almost 32 per cent have already been reached with initial 
temperatures somewhat less than 1000 F. With the attainment 
of high thermal efficiency of the entire cycle as a major objec- 
tive, thermal regeneration between the gas streams is not to be 
introduced as of secondary importance. In effect, regeneration 
modifies the entire structure of the analysis, and is, for example, 
much more important than seeking the ultimate in efficiency of 
turbine and compressor. i 

In the interest of brevity, detailed criticism of what the author 
has presented can be omitted in favor of directing attention to the 
inadequately emphasized limitations of a thermal power plant, 
functioning on the simple Joule cycle, with atmospheric pressure 
as the lower limit. The objection may, of course, be raised that 
such an enlargement of the point of view falls without the scope of 
the present treatment. On the other hand, at this time, when 
many members of the profession, less acquainted with the devel- 
opment of thermal cycles in general, and the steam-and-gas tur- 
bine in particular, may be inclined to consider the author’s con- 
tribution as a general treatment of a new type of thermal prime 
mover, it seems appropriate to point out some of the scales with 
which to measure the stature of such information. 


LyBRAND Sirs.‘ Reliability is the great essential for marine 
machinery, in which the writer is primarily interested. Common 
sense would indicate that a rotating machine, with the only rub- 
bing parts being the two bearings, would be more reliable than a 
reciprocating machine with its inherent great multiplicity of 
rubbing and tapping parts. So far as marine practice is con- 

* Research Engineer, Westinghouse Electric & Manufacturing 
Company, South Philadelphia, Pa. 


4 Captain, U. 8S. Navy, Head of Research Branch, Bureau of Ships, 
Navy Department, Washington, D. C. ‘ 
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cerned, all data which the writer has ever been able to gather con- 
firms common sense. Marine-turbine machinery is more reliable 
than reciprocating machinery, whether the latter be steam or in- 
ternal combustion. As a matter of fact there is very little 
trouble with marine turbines in themselves. There is much 
more trouble with their necessary adjuncts, such as condensers and 
boilers. Since the gas turbine would eliminate condensers and 
boilers, it would eliminate such troubles at the same time. 

Gas turbines as power generators are too new in the field to 
have developed actual data for operating reliability. However, 
inquiries about gas turbines used by oil companies indicate an ex- 
traordinary reliability. 

Fuel economy is very important. The data given by the au- 
thor indicate that we could not expect an immediate fuel economy 
as good as that of Diesel engines or as of the very best steam 
plants. However, there are very few central power stations with 
a thermal efficiency in excess of 30 per cent, and practically no 
marine-steam installations with a thermal efficiency in excess of 
25 per cent. All of these very efficient steam installations use 
heat traps, such as preheaters, economizers, and feedwater heat- 
ers to the utmost. Considering figures given in the paper, it 
does not appear that any gas turbine we could build immediately 
would have a fuel economy as good as our best steam plants, but 
it looks as though we might start by equaling mediocre steam 
plants and have an excellent possibility of surpassing the best in 
the not very distant future. 

The matter of weight is very important for a marine installa- 
tion. Since little attention has yet been given to making a gas 
turbine as light as possible, reliable data are not available on how 
such weights will compare with the weights of other marine in- 
stallations. It would appear probable, however, that the weight 
of a gas-turbine installation would be comparable to that of a 
steam-turbine installation. Until actual plans are made in de- 
tail for a ship installation, such an estimate can be little more than 
a hunch. 

Air supply and combustion-gas exhaust will be a special prob- 
lem for marine work. With boilers, or with internal-combustion 
engines, we only need enough air to burn fuel. With the existing 
gas turbines, it is proposed to use 5 or 6 times as much air as is 
required for combustion, in order to keep the blades cool. This 
means that an enormously greater amount of intake air, and an 
enormously greater amount of exhaust products must pass 
through the deck of the ship than is the case in any existing ships. 
Provision for such supply and exhaust will require considerable 
changes in the ship’s structure, particularly if we are not to suck 
in half the ocean when a wave breaks aboard. 

Speed control is very important in marine work. It is desirable 
to be able to control the propeller from full speed ahead to full 
speed astern by stepless gradations. The present gas turbine 
does not lend itself to such results without the use of very heavy 
and complicated electrical transmission. If the speed of a tur- 
bine is varied by controlling inlet-gas temperature, as suggested 
by the author, we might expect violent changes in efficiency, as 
would be indicated by the various curves in the author’s Fig. 9. 
These changes in efficiency would not be so important in a unit 
generally operated near full power, but would be intolerable in a 
unit which operated at low power a considerable amount of time. 
The problem of speed control must be given great study in con- 
nection with any marine application. 

It appears that the combustion-gas turbine offers great pros- 
pects of being developed into a reliable, economical, and light- 


weight unit for high powers, such as are used in marine propul- 


sion. It appears to be good enough now for some applications. 
It will improve with every advance in metallurgy enabling higher 
temperatures to be used; with advances in applied mechanics, 
enabling blades to be cooled; with advancés in design, enabling 
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heat traps to recover more waste heat. It is believed that there 
is a wide field of usefulness for gas turbines in the future. It 
is hoped that all manufacturers whose work in any way would be 
involved in gas turbines or their auxiliaries will devote consider- 
able attention to them, and will make practical developments, 
whenever possible. 


AUTHOR’s CLOSURE 


In view of the present national-defense program, it is difficult 
to agree with Mr. New that we in this country lack the incentive 
to consider bombproof power plants. When and if the time 
should come for the construction of such plants, the gas turbine 
would manifestly receive favorable attention as being ideally 
suited for this application, especially in remote localities where 
this type of plant is likely to be situated. 

Obviously unfounded is Mr. New’s intimation that the author 
is propounding the gas turbine as a universal substitute for the 
conventional steam plant. On the contrary, the limitations of 
the gas turbine are well recognized and, for this reason, it was 
deemed advisable to state the special applications for which it is 
particularly adaptable. In the opinion of the author, a review of 
these applications, given in the latter part of the paper, will re- 
veal that they are not excessively inclusive, thereby invalidating 
Mr. New’s relegation of the paper to the restricted-viewpoint 
category. 

The closed system, mentioned by Mr. New, has certain advan- 
tages but their attainment is only at the expense of that desidera- 
tum of all power-generation equipment, namely, simplicity. 
The absence of water for any purpose whatsoever is one of the 
attractive features associated with the combustion turbine de- 
scribed in the paper. Practical operation of the closed system, 
however, demands a source of water to cool the gas entering the 
compressor. The principal advantage of this system lies in the 
use of increased densities with a concomitant reduction in dimen- 
sions. Since both systems operate on the same basic cycle, their 
thermal efficiencies should be essentially equal under similar 
temperature conditions. The only published information on the 
closed system which has come to the author’s attention has been 
of a descriptive nature and he awaits with interest test results on 
such a plant. 

The gas turbine, discussed in the paper, enjoys a distinctive 
advantage in that it might well be considered independent of 
geographical location as its sphere of application; air is univer- 
sally available and no special sites near water-supply systems are 
necessary. This makes it especially fitted for certain classes of 
service, among which may be included locomotive applications 
and also installations in remote localities having natural gas or oil 
available but where the water problem is acute. 

Mr. New is evidently of the opinion that the merits of the re- 
generative cycle were insufficiently stressed in the paper and con- 
sequently consigned to a position of secondary importance. The 
author is aware of the value of regeneration as a means of in- 
creasing cycle thermal efficiency and the magnitude of a repre- 
sentative increase is given in the paper as a function of heat- 
exchanger surface. In the interest of avoiding repetition the 
author purposely refrained from making extended references to 
regeneration as it had been previously covered in papers by Marks 
and Danilov (7),§ Meyer (4), Jendrassik (8), Tucker (9), Ret- 
taliata (10), and others. 

The author takes exception to Mr. New’s statement regarding 
the alleged inadequate emphasis placed upon the limitations of the 
gas turbine described in the paper. It is not believed any un- 
reasonable claims were made for either performance or field of 


5 Numbers (7) to (10) refer to the Bibliography at the end of this 
closure; other references are to the Bibliography at the end of the 
paper. 
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application. In fact, based upon Stodola’s (5) tests, the thermal 
efficiencies given in Fig. 9 of the paper are actually on the con- 
servative side. 

Mr. New’s attempt to caution the less informed members of the 
profession regarding the antiquity of the combustion turbine ap- 
pears to be of questionable necessity when it is stated in the very 
first paragraph of the paper that patents were taken out on this 
type of unit as early as the eighteenth century. 

The author is grateful for the constructive and authoritative 
comments of Captain Smith regarding the marine application of 
the combustion-gas turbine. 

It is appreciated that reliability is of primary importance in all 
types of vessels and this is especially true of combatant ships. 
Based upon the remarkable record of trouble-free service, estab- 
lished by the oil-refinery units, as mentioned by Captain Smith, 
there appears to be good reason to believe the gas turbine is cap- 
able of fulfilling the requirement of reliability. 

The thermal efficiency of the basic cycle, operating with a tur- 
bine admission temperature of 1000 F, will be less than that ob- 
tainable with a modern steam plant. However, with the adop- 
tion of regeneration, reheat, and elevated temperatures, it is pos- 
sible for the thermal efficiency of the gas-turbine plant to equal 
or even surpass that of today’s best central stations. Although 
the present limit in operating temperature is 1000 F, there are 
indications that it may soon be possible to go to increased tem- 
peratures by resorting to special materials and a primary turbine 
stage of the impulse type so as to confine the highest temperatures 
to a stationary-nozzle element. 

A preliminary investigation of a marine application of the gas 
turbine operating at 1000 F discloses that the weight will exceed 
that of a modern ship with steam-turbine-propulsion equipment. 
The use of higher temperatures, however, will result in a reduc- 
tion of the weight of the gas-turbine drive below that of the steam 
installation for a stipulated capacity. 

Captain Smith raises an interesting point by calling attention 
to the intake and exhaust problem associated with a marine ap- 
plication of the gas turbine. Undoubtedly the large volumes of 
air involved will necessitate modifications in existing ship design. 
The utilization of advanced temperatures will minimize the in- 
tensity of this problem to a certain extent, however, by reducing 
the quantity of air required in the cycle for a given output. 

The type of gas-turbine-propulsion equipment which would be 
used for marine applications would consist of a double-turbine 
arrangement. One turbine, driving the compressor, would de- 
liver just sufficient power to effect compression. The other tur- 
bine, connected to the propeller shaft, would receive the excess 
gas not being used by the compressor turbine. By this method, 
efficiencies at reduced powers could be improved over those ob- 
tainable with the single-turbine system, because the compressor 
and its driving turbine could operate at their optimum speed, in- 
dependent of the power turbine. Consequently, the double- 
turbine arrangement would have a flatter efficiency versus load 
characteristic. 

The author shares Captain Smith’s opinion regarding the future 
prospects of the combustion-gas turbine. Improved materials, 
enabling higher temperatures to be employed, should offer the 
necessary stimulus for the further advancement of this type of 
prime mover especially in its natural fields of application. 
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Relative “Engine Efficiencies” Realizable 
From Large Modern Steam-Turbine- 
Generator Units 


By G. B. WARREN! anv P. H. KNOWLTON,? SCHENECTADY, N. Y. 


This paper analyzes the results of tests on more than 
100 turbines under station operating conditions. The 
progress in turbine efficiency made over the last 20 years is 
shown and the analysis of the test results is carried out in 
such a way as to permit working out a system for predict- 
ing relative turbine performance. This method is given 
in detail and will permit the prediction of relative turbine 
performance for large condensing and noncondensing 
machines over a wide range of conditions. 


v NHERE has been a need in the power industry for publica- 
tion of the probable relative performance of large steam 
turbines from the steam-consumption and heat-consump- 

tion standpoints. The value of such data will be that potential 

purchasers and their engineers will be able tomake a more complete 
study of many alternative power-station designs, and so arrive 
at a final decision as to the conditions for building a new project 
on the basis of a sounder analysis. Further, it is believed that the 
power industry will benefit generally by a release of these data. 

There are many reasons why this has not been done in the 
past, the most important being that until the last few years 
sufficient basic test data had not been accumulated on actual 
turbine performance in the field, and a sufficiently complete cor- 
relation of the data had not been made. Recent tests of numer- 
ous turbines have helped this situation markedly and, more re- 
cently, intensive analytical work on the part of one of the authors 
and his associates has permitted a systematization of these re- 
sults which was not possible before. Consequently, we are now 
able to present test data and an analysis of these data which will 
show the probable relative ‘engine efficiency” of modern con- 
densing and noncondensing turbines over a wide range of pres- 
sures, temperatures, exhaust pressures, capacities, and loads 
ranging from 10,000 kw.to 100,000 kw and which covers 3600-rpm 
turbines and 1800-rpm single-cylinder turbines. 

The data so presented also give a good picture of the progress 
which has been made in turbine efficiencies over the last 20 years. 

Figs. 1 and 2 show relative “turbine internal efficiency” for the 
larger-size condensing turbines (1800 and 3600 rpm, respectively). 

These data are based upon actual test-engine efficiencies, ob- 
tained on turbines in the owners’ plants, with test instruments 
and procedure as accurate as possible, and with turbines in good 
condition and clean. 

The points are divided into 3 groups as regards dates, viz., 

group 1, 1919-1926, group 2, 1926-1933, and group 3, 1933- 

1940. In general the reasons for this segregation are that the 


! Designing Engineer, Turbine Engineering Department, General 
Electric Company. Mem. A.S.M.E. 

? Steam Research and Development, Turbine Engineering Depart- 
ment, General Electric Company. Mem. A.S.M.E. 
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first group represents low-pressure low-temperature turbines 
designed prior to 1925; the second group represents turbines 
designed during the first period of the trend toward higher pres- 
sures and temperatures, larger units, multiple valving for good 
efficiency over wide load ranges, etc.; and the third group 
represents modern turbines continuing the trend to high pressures 
and temperatures, designed since 1932. 

There are no large 3600-rpm turbines in group 1. One small 
3600-rpm machine has been shown in this group. 

In all, there are records of about 70 turbines tested in the 
group 1 period. These machines commonly had a single “‘best 
point,” and one point only for each turbine has been plotted. 

Groups 2 and 3 are multiple-valved and, for each of these tur- 
bines, several points are plotted defining the load range over 
which the machines have been valved. 

The values of ‘over-all engine efficiency” as obtained from the 
tests were corrected for calculated generator losses (or test values 
where available), calculated bearing and mechanical losses, and 
calculated leaving and exhaust-hood losses, as described later in 
this paper, so that the resulting relative efficiency values then 
represent those for turbines having zero bearing and mechanical 
losses, zero generator losses, and zero leaving and exhaust-hood 
losses. This resulting value is called “turbine internal efficiency.” 
This is, of course, to eliminate these variable losses from the 
comparison. Hence, the internal turbine losses and inefficiencies 
are all included, as are the entrance valve losses and external 
packing losses. 

The values as obtained are also corrected for superheat to a 
common value of 300 F, and for the effect of initial pressure upon 
moisture losses and reheat factor. 

In Fig. 1, a so-called ‘1925 mean curve” is drawn. This curve 
was drawn to represent a certain equation, and was intended to 
represent the most reliable test values available at the time. In 
view of the general increase in the average, the ‘(1940 mean curve” 
was drawn representing the authors’ interpretations of the mean 
value of the efficiencies of the modern 1800-rpm turbine. This 
latter curve does not follow any definite equation because it is 
intended to be used only within the range of test data, and it is 
drawn so as to take into account the varying character of the tur- 
bines designed for small- and large volume flows. 

Fig. 3 shows an interesting crossplot of the deviation of the 
tests from the “1925 mean curve” plotted against the date the 
test was made. It gives an idea of the increase in turbine internal 
efficiency alone (independent of the heat cycle) over the last 20 
years which has resulted from the research work and refinements 
in design during this period. A rough calculation indicates that 
this has been worth up to the present time from 5 to 10 times its 
cost to the industry. Gains in addition to those shown have been 
made by better valving, thus further reducing the losses on the 
more recent turbines on either side of the ‘‘most economical load,” 
by reduced bearing losses and by more efficient generators. 

In 1925, when the first mean curve was developed, a theoretical 
relationship was worked out between the 1800- and 3600-rpm 
turbine efficiencies on the basis of the assumption that the ef- 
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ficiency of geometrically similar turbines at different speeds would 
be the same and, hence, the capacity of turbines of the same 
efficiency would vary inversely as the (rpm)?. 

A curve so derived from the ‘1925 mean curve” in Fig. 1 for 
1800-rpm turbines is shown as A-A in Fig. 2, for 3600-rpm ma- 
chines. Knowing, however, that the higher-speed machines 
would, for various reasons, not come quite up to these values, at 
that time a “more probable 3600-rpm mean curve” B-B was 
drawn. The various test values show that we have now come 
higher than this later value, and curve C-C has been drawn 
representing a “1940 3600-rpm mean curve.” This again is 
drawn so as to take into account the changing character of the 
machines at the various volume flows. 

Fig. 4 shows a comparison of the “1940 mean curves” for 1800- 
rpm and 3600-rpm condensing turbines. Also, some of these 
3600-rpm turbines are known not to have been completely clean 
internally when tested. It is believed that the 3600-rpm turbines 
on which tests are now available do not represent the state of 
development represented by the 1800-rpm machines. This is 
naturally so, since the large 3600-rpm machines are a relatively 
new development, and certain extra losses are now believed to 
be related to this higher rotative speed. Continued development 
may help this situation and result, we believe, in a greater gain 
in the next few years in 3600-rpm turbine efficiency than in that 
of 1800-rpm machines. Even so, the 3600-rpm machines show a 
substantial gain in the lower-volume flows where most of the 
modern higher-pressure turbines operate. 

As can be seen, somewhat higher efficiencies have been obtained 
(recently) on two 1800-rpm machines; one at low- and the other 
at medium volume flows. It is not yet certain whether or not 
these can be duplicated on future turbines and, hence the ‘‘mean 
curve” has not been raised to these values. 

The “mean internal-efficiency curves,” thus described and 
shown in Fig. 4, are used as the basis of the following curves, sup- 
plemented with calculations to give partial load and overload 
results, which in turn have been scrupulously compared with test 
results under these conditions to see that they represent the 
average of such test results, although this comparison is too 
lengthy to be presented here. 


“ENGINE EFFICIENCIES” AS A MEASURE OF TURBINE 
PERFORMANCE 
Therefore, the turbine engine efficiencies, derived in accordance 
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T_] with the following method, represent, in the authors’ 
a soe opinion, the best reasonably simple exposition of the 
= performance of such turbines as are manufactured by 
General Electric, in sizes of 10,000 kw and larger, for 
central-station plants. The design of such turbines 
has never been exactly standardized, and one has 
only to look at Figs. 1 and 2 to see that the present 
system of data correlation does not succeed in bring- 
ing all test results into agreement. This need not de- 
tract too much from the usefulness of the method, 
which has been devised to include various factors 
which directly influence turbine-generator efficiency, 
aside from what might be called the “internal design.” 

The results are intended to apply for turbines of conventional- 
design requirements, and it is expected will have some margin as 
compared with the probable test results when in good condition. 

Condensing and noncondensing turbines are covered in separate 
sections. 


1938 1939 (940 


1—CONDENSING TURBINES 


Fig. 5 shows the “over-all engine-efficiency ratios,” as defined 
by the turbine test code* for condensing turbines from 10,000-kw 
rating. This over-all engine-efficiency ratio is simply another 
name for the well-known ‘‘Rankine-cycle efficiency ratio,” and 
is equal to the over-all output from the generator terminals 
divided by the available power input to the turbine. 

These curves are so drawn as to show the over-all engine ef- 
ficiency at rated load, when the set is equipped with an 0.8-power- 
factor hydrogen-cooled generator, and when the rating and size of 
the exhaust are such as to give an “exhaust loss” of 4 per cent, 
and when the superheat is 300 F, and the initial pressure and tur- 
bine speed are as shown on the separate curves. 

The curves in Fig. 5 are derived from Fig. 4, and from calcula- 
tions as to the effect of initial pressure on the turbine internal 
losses, at constant initial superheat. The curves give as accurate 
a representation as can be achieved by such a simple plot and, 
together with the superheat-correction curve, Fig. 6, should be 
useful in presenting a general picture of over-all turbine-generator 
efficiency for various ratings and steam conditions. 

The actual efficiencies of individual turbines as manufactured 
by General Electric will differ from these curve values at rated 
load for various reasons; viz., actual exhaust loss different from 
4 per cent, different arrangement of controlling valves, and 
slightly different generator losses or mechanical losses. Also, of 
course, the efficiency will change at fractional loads or overloads 
as compared to the rated-load efficiency. Therefore, for more ac- 
curate prediction of the performance of a turbine for any given 
rating and steam conditions, as well as calculation of efficiency 
at loads other than rated load, corrections for these factors are 
described in the following paragraphs and figures. 

To obtain the over-all efficiency of any given machine under 
nonextraction conditions, and at all loads, it becomes necessary 
to apply the following corrections to the values obtained from 
Fig. 5, preferably in the following order: 

1 Superheat correction (Fig. 6), already mentioned in pre- 
ceding paragraphs. 

2 Correction to turbine internal efficiency for fractional and 
overload conditions, Fig. 7. 

3 Correction for generator efficiency change at other than 
rated load, Fig. 8. 

4 Correction for mechanical losses. 
for specific designs are given in Fig. 9. 


Actual mechanical losses 


3**Test Code for Steam Turbines,” originally adopted and pub- 
lished in 1928, by THe AMERICAN Society oF MECHANICAL ENGI- 
NEERS, and now competely revised, will be available in pamphlet 
form from the Society in March, 1941. 


Angie Se 
Payer 
| 
: 
= 
gee 
4 


128 TRANSACTIONS OF THE A.S.M.E. FEBRUARY, 1941 


200 


— 
— 
—T 
— | _ 
a 
\ 


4 


OVERALL ENGINE EFFICIENCY ,% 


‘4 
RATED LOAD MEGAWATTS 
Te) 20 30 40 50 60 70 80 90 ele) 


© 


3600 


© 
@ 


ASSUMED 
GEN. EFF'Y. 
© 


Fie.5 ENGINE EFFICIENCIES OF LARGE GENERAL ELECTRIC CONDENSING-TURBINE-GENERATOR UNITS, VERSUS 
Ratep Loap, MEGAWATTS 
(Drawn for 300 F initial superheat, with 4 per cent exhaust loss and 1.25 per cent mechanical loss assumed at all ratings. Full lines, 1800 rpm; dash 
lines, 3600 rpm. Generator efficiencies assumed as shown; hydrogen cooling. Figures on curves are throttle pressure, psi gage.) 
% OF MAXIMUM THROTTLE FLOW 


| | TO OBTAIN TURBINE EFF'Y AT 


oer | | ANY INITIAL SUPERHEAT, 
| erriciency ar 300*F 
SUPERWEAT BY THIS CORRECT: 
| [ ___|10N Factor WAXIMUM THROT VOL FLOW, CU FT PER SEC 
Bios | curve |s6oorem | STEAM COND 
i I = | ¢ |ip | 
} EFFICIENCY CORRECTION FACTOR FOR PARTIAL 
LOADS LOO =( SCALE “A’ X SCALE “8") 


Fic. 6 THROTTLE-SUPERHEAT CORREC- 
TION Factor 


RATIO, EXH TEMP, ABS 


THROT TEMP, ABS 


Fic. 7 Partiat-Loap CorRECTION FacToR FOR CONDENSING TURBINES 


MECHANICA, LOSSES 


+ 


FRACTION OF RATED LORD 


Fic. 8 ApPprRoxIMATE OF GENERAL ELEcTRIC TURBINE 9 Approximate MeEcHANICAL Losses or ConpENSING TuUR- 


Generators, 3600 anp 1800 Rpm, anpD HyproGeNn-CooLep pines Versus Ratep Loap, Kitowatrs 
(Curves drawn for 80 per cent power factor; for 90 per cent power factor : losses neste oads . " 
add 0.15 per cent to rated-load generator efficiency; 70 per cent power 


factor subtract 0.25 per cent from rated-load generator efficiency.) 


: 

id 
_ 

| 
> | 

OY | 

eas 100 | | | | | | 

4. 


WARREN, KNOWLTON—“ENGINE EFFICIENCIES” FROM MODERN STEAM-TURBINE GENERATORS 


| 


30 + + 
300 1400 S00 
« 
\ {90.97 
sae 3600 
Ag 3 3600 
+ 
2 \ \ 848 | 3600 
be \ { 
| \ | ele 7? 3600 
| \ 3600 
| @ ses 1800 
} COMME SPONOING TO CONDENSER eT, #4! | 1800 
if | OVIOED BY 956 1800 
EQUIVALENT ANNULUS VELOCITY FT PER SEC 
Fic. 10) ExHaust-Loss Curves FoR CONDENSING TURBINES 
2 4 
t { = 
| NS | 
% +++ +4441 % 
\ 
| 
COMOENSER FLANGE PRESSURE LBS ABS 
Fic. 11 Exnaust Speciric Votumg, Cu Fr per Lp Versus Con- 


DENSER-F LANGE PRESSURE, Ps! ABs 
(Figures on curves are exhaust enthalpy, Btu per lb.) 


5 ‘“Exhaust-loss’”’ corrections must be applied at all loads 
(vacuum corrections are contained in these corrections), Fig. 10 
with Fig. 11. 


These results will be efficiency values at partial loads and over- 
loads, from which the nonextraction over-all engine efficiency 
versus generator kilowatt output can be plotted. From this and 
the “theoretical steam rate” which can be obtained from the steam 
table‘ or from the steam-rate tables,® the nonextracting steam 
rate can be obtained. 


SuPERHEAT CORRECTIONS 


Fig. 6 shows the correction factors to be applied to the curves 
in Fig. 5, if the initial superheat is different from 300 F. This cor- 
rection simply shows the change in turbine internal efficiency, 
occasioned by the changes in reheat factor and moisture losses 
incident to a change of the initial superheat at any given initial 
pressure. 


FRACTIONAL LOAD AND OVERLOAD CORRECTION 


Fig. 7 shows corrections to be made to efficiencies derived from 
Figs. 5 and 6, to correct for the change in turbine internal ef- 
ficiency, due to change in load from rated load. These corrections 
do not include any correction for change in exhaust loss, me- 
chanical losses or generator losses, which will be treated sepa- 
rately in the following paragraphs. 

The corrections are functions of the “‘inlet-volume-flow” size 
of the turbine, and the different curves reflect the variation in 
“governing-stage” efficiency and design which is a function of 
the inlet-volume flow. In order to use the corrections, it is neces- 


4“Thermodynamic Properties of Steam,’”’ by J. H. Keenan and 
F. G. Keyes, John Wiley and Sons, Inc., New York, N. Y., 1936. 

5 “Theoretical Steam-Rate Tables,” by J. H. Keenan and F. G. 
Keyes, A.S.M.E., 1938. 
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sary to make a fairly close approximation to the maximum-weight 
flow for which the turbine is to be designed, so that the weight 
flow corresponding to the 100 per cent maximum flow on the 
abscissa seale in Fig. 7 can be determined, and a weight-flow 
scale can then be substituted for the ‘‘percentage-of-maximum- 
flow” scale. This is easily done for nonextracting conditions by 
one or two approximations. Methods for determining the maxi- 
mum-weight flow for extracting conditions are discussed later. 


CORRECTIONS FOR CHANGE IN Exuaust Loss® 


As stated previously, the efficiencies given by Fig. 5 include 4 
per cent exhaust loss at all ratings and conditions. Any actual 
turbine as designed will probably not have exactly this percentage 
exhaust loss at rated load and, in any case, the exhaust loss will 
change with changes in exhaust pressure and load. If the cal- 
culation of the efficiency of a given turbine is to be made for a 
range of exhaust pressures or loads, or both, the change in exhaust 
loss must be carefully taken into account. This requires a de- 
termination of the size of exhaust-annulus area which is to be 
provided on the turbine, and the use of the curves given in Fig. 10. 

The table in Fig. 10 shows the sizes of exhaust-annulus area 
now manufactured by General Electric as standard. The size 
most suitable for any particular turbine can be determined from 
the weight steam flow required for the rated output, the particular 
exhaust pressure being considered, and the amount of exhaust 
loss which appears economically justifiable. Exhaust-annulus 
areas usually will lie in the range between 1 and 2 sq ft per 1000- 
kw rated load, depending upon the condenser pressure, the 
amount of feed-heating extraction, etc. 

For definition and explanation of exhaust loss, the reader is re- 
ferred to the Robinson paper.* Fig. 10 is plotted as exhaust loss 
in Btu per pound exhaust flow versus equivalent exhaust-annulus 
velocity. This velocity is the exhaust-weight flow in pounds per 
second, multiplied by the specific volume of steam at condenser- 
inlet conditions, cubic feet per pound, and divided by the exhaust- 
annulus area in square feet. The individual curves of Fig. 10 
differ from each other because of different average last-stage- 
bucket velocities, different bucket shapes, and different exhaust- 
hood designs. The specific volume can be read from Fig. 11, cor- 
responding to condenser inlet conditions. 

In the region of low exhaust-annulus velocities, the exhaust-loss 
curves of Fig. 10 include the “extra’’ internal turbine losses which 
occur on the last few stages of the turbine at low exhaust flows. 
These losses are not strictly ‘exhaust losses,’”’ but their inclusion 
as such makes for simplicity in calculation. 

The “percentage exhaust loss” might be considered as that 
percentage by which the output of the turbine would be increased 
were the exhaust loss to be reduced to zero and the energy so made 
available to the turbine to be utilized at the ‘average turbine 
efficiency,” prevailing at the conditions under consideration. 

Exhaust loss (kw) 


- (Btu per lb loss X flow X (avg efficiency) 
3412.75 


Exhaust loss (kw) X 100 2 
Output (kw) 


or, for nonextraction operation, when the flow is the same 
throughout the turbine. 


Exhaust loss, per cent 


Exhaust loss (Btu per lb, from Fig. 10) 
Total available energy, line to exhaust’ *” 


Exhaust loss, per cent = 


= 100 xX 


- [3] 


* “Leaving Velocity and Exhaust Loss in Steam Turbines,” by 
E. L. Robinson, Trans. A.S.M.E., vol. 56, July, 1934, pp. 515-520. 
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It should be remembered that these factors are percentages 
and, therefore, not directly additive or subtractive when the 
efficiency is not 100 per cent. 

From the Btu-per-pound exhaust loss so obtained, the per- 
centage exhaust loss at each load may be determined by use of 
Equation [2] or Equation [3]. As stated, the values of efficiency 
shown in Fig. 5, are on the basis of a fixed 4 per cent value for all 
loads. If the true exhaust loss so obtained is above or below this 
4 per cent, the final nonextracting efficiency is to be decreased or 
increased by the difference in percentage of the total efficiency. 

In formula form 
Corrected efficiency = Efficiency with 4 per cent exhaust loss 

“ (100 — Actual per cent exhaust loss) 


96 
This gives the final result for nonextraction operation. 


DETERMINATION OF MaximMuM THROTTLE FLOW AND EFFICIENCY 
WHEN Stream Is ExTRACTED FOR FEEDWATER HEATING 


It is the general practice to design turbines in the size classi- 
fication, 10,000-kw to 100,000-kw rating, so that they will de- 
velop 5/4 rated load, or full kva generator rating at 1 power 
factor, whichever is the lower, and with the amount of steam ex- 
traction for feedwater heating required by the feed-heating ar- 
rangement, as specified by the purchaser. 

The maximum-load throttle steam rate must therefore be de- 
termined by calculation of the steam-extraction requirements, 
and this steam rate, multiplied by the maximum load, determines 
the maximum-weight flow required. 

The throttle steam rate with extraction will be higher than 
without extraction by an amount depending upon the tempera- 
ture to which the feedwater is to be heated and, to a lesser extent, 
upon the number and arrangement of feedwater heaters. 

Provisions are generally made on these sizes of turbines to ex- 
tract steam at some 2 to 5 points and, generally, some latitude is 
available as to where steam may be extracted. In the November 
3, 1938, proposed ‘‘Preferred Standards for Steam-Turbine Gen- 
erators,’”’’ the following tentative suggestions were made for 
these extraction points at rated load: 


Turbines 10,000 kw to 25,000 kw, inclusive: 


First heater terminal temperature, 160 to 180 F 
Second heater terminal temperature, 215 to 235 F 
Third heater terminal temperature, 280 to 300 F. 


Turbines above 25,000 kw to 80,000 kw, inclusive: 


The same suggestions were made with respect to the first three 
heaters and a suggested position for the top heater was 340 to 
360 F. 


Extraction openings within these ranges can generally be pro- 
vided. Final decision on any specific proposition will, of course, 
have to be referred to the manufacturer. 

If it is desired to make studies of the extraction performance of 
turbines based upon the preceding nonextraction information, it 
may be done quite simply by the following methods: 

The efficiency of the turbine, based upon the steam which passes 
alk the way through, will be the same as that given for the non- 
extracting performance at corresponding fractional flows, except 
that the exhaust loss will be decreased to correspond to the re- 
duced flow to the condenser under the extracting conditions. The 
losses in the forward end of the machine due to the governing 
valves will vary in accordance with Fig. 7 and, hence, these curves 
are valid for this condition. 


7 “Preferred Standards for Steam-Turbine Generators (10,000-kw 
rating and above),”” Subcommittee on Standardization of the Na- 
tional Defense Power Committee, Washington, D. C., November 3, 
1938. 
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Generally, extraction calculations are carried out on the basis 
of “state curves,” giving the conditions of the steam throughout 
the turbine at the various conditions of load and from which the 
enthalpy of the extracted steam can be determined. 

Fig. 12 and the following paragraphs show a simplified method 
of determining such state curves as will be consistent with the 
previous information given on nonextracting turbines in this 
paper. 

Fig. 13 is an enthalpy-entropy chart. Point A is the initial 
(throttle) condition for any given machine. Point B,; is the 


— 
%, 
“2. \ itp EXH PRESS, IN. HG. ABS 
‘$090 10" HG ABS. BASE 
05 
ve @ 
x 
z 
= ¢ ¢ 
S a Ww 
z@ 
° 
« 
FIGS.ON.CURVES ARE 
EXH. FLOW,LBS.PER HR. - 
PER SQFT ANNULUS AREA _ ENTROPY 
Fig. 12 Fig. 13 


Fig. 12) Vacuum Correction CurvESs 
(Note that these curves are average for several different turbines. The 
“change in load” will be slightly larger with the largest exhaust-annulus 
areas, and smaller with the smallest areas, than is shown by curves.) 


Fie. 13 ConstrucTION OF APPROXIMATE “STATE CuRVE” FOR 
EXPANSION OF STEAM THROUGH TURBINE 


terminal point after the leaving loss has taken place under non- 
extracting conditions. Point B, can be obtained from the over-all 
nonextraction efficiency as previously explained for the rated 
conditions, providing only that this is corrected for fixed losses 
and generator losses. 

Fig. 8 shows the percentage generator electrical efficiencies at 
various fractions of full load for sets with both air- and hydrogen- 
cooled generators, from !/, rated load to full kva generator capac- 
ity at unity power factor, and for units from 10,000 kw to 100,000 
kw in capacity. These curves include all of the electrical and 
windage losses in the generators and, when used together with 
the mechanical losses in Fig. 9,-the over-all efficiency previously 
found can be corrected so as to determine the efficiency of the 
turbine from the initial conditions to the discharge of the last- 
stage buckets from which, by means of the well-known methods 
of finding the available energy and the used energy, point Bi, 
i.e., the end point, can be determined. 

The vertical distance Y between point B, and C, (Fig. 13) is 
the nonextraction exhaust loss obtained from Fig. 9 and pre- 
viously used. The distance X is to Y, from the previously de- 
fined way of handling the exhaust loss, approximately as the ef- 
ficiency of the machine is to 100 per cent; and hence, the point 
D, is what we generally call the end point of the internal efficiency; 
or the end point of a turbine with ‘zero exhaust loss.” 

Once D, is determined for the rated load, it becomes possible 
to determine quite closely the ‘‘state line’ for the various other 
stages throughout the turbine. 

If a straight line is drawn on such a Mollier diagram from 
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point A to D,, the true state curve will generally lie somewhat 
above this in the upper portion and below it in the lower portion. 
Generally it will cross about 25 per cent of the way down. 

From the standpoint of feedwater-heating calculations, the 
point above this crossing point may generally be neglected be- 
cause as a rule steam is not extracted for feedwater heating much 
above this point. The true state line seems to lie on an average 
about 6 Btu below this straight line, midway between the crossing 
point marked M, and D,, as shown at N;. For all practical pur- 
poses, therefore, the state line can be drawn AM,N,D,. 

The exact shape of the true state curve will depend upon the 
actual machine, but is not of great importance once the end 
points are determined. 

To find the end point under extracting conditions shown, Br, 
it becomes necessary to use the exhaust loss corresponding to the 
extracting flow. This can be obtained from Fig. 10 quite readily 
if the exhaust flow under extraction conditions is calculated. 
This can be done accurately by a complete heat-balance calcula- 
tion or, for estimating purposes, it may be done by the following 
approximations: 

Generally, the amount of steam extracted is about 1 per cent 
of the throttle flow for each 10-deg rise in feedwater temperature. 
At constant load, the throttle flow is increased about as much as 
the condenser flow is decreased, the average flow remaining con- 
stant. Thus, if the feedwater temperature is raised 200 deg 
through the heaters, the throttle flow will be increased 10 per 
cent and the condenser flow decreased 10 per cent. 

At lower feedwater-temperature rises, the condenser flow tends 
to be decreased more than the throttle flow is increased, and vice 
versa at higher feedwater temperatures. 

From the foregoing rough rule, it becomes possible to determine 
an approximate exhaust loss for extraction operation. 

From the corrections available from Fig. 7, it becomes possible 
to determine end points corresponding to D for rated load for 
various loads within the capacity of the turbine and generator. 
From the extraction exhaust loss determined similarly for the 
extracting exhaust flows, it then becomes possible to determine 
the end point Bz corresponding to these other loads. 

In Fig. 12, Bxi/,, corresponding to the '/,-load point, is shown 
as an example. The lower three fourths or so of the state curve 
will, in general, be substantially parallel to the “rated-load state 
curve,” and can be so drawn. 

On the basis thus outlined and the accompanying curves, 
it is possible to work out approximate state curves for turbines 
for the sizes and conditions covered and, if the extraction points 
are picked at the rated-load condition for pressure, etc., it makes 
available sufficient data upon which a complete heat balance may 
be secured by one familiar with the usual technique of making 
such heat balances. 

Some regularly used simplifying assumptions for heat-balance 
calculations are as follows: 

The pressure in any extraction stage will vary at loads other 
than the rated load for which it is determined in direct proportion 
to the flow below such extraction opening. 

The pressure drop from the extraction stage to the extraction 
opening is assumed to be 5 per cent, and 5 per cent additional 
from the turbine opening to the heater. 

Generally, no terminal temperature difference is assumed in 
an open or deaerating heater but, in closed heaters, a 5-deg 
terminal difference is generally used, with the drip from the 
heater coming out at the saturation temperature corresponding 
to the pressure in the heater, unless the heater is of the counter- 
flow type with special desuperheating surface or special condensate 
heat-exchanger surface, under which conditions the feedwater 
may leave the heater higher in temperature than the saturation 
temperature of the pressure in the heater, and the condensate 


may leave closely approaching the feedwater entering the heater. 
This, of course, will depend upon the specific case encountered 
and the heater-manufacturer’s guarantees. 


Exuaust Loss UNpER ExtracTION CONDITIONS 


It is often worth while to know the true exhaust loss under 
extracting conditions which may be quite different from the 
exhaust loss under the nonextracting conditions previously dealt 
with. 

Either the approximate condenser flow under extracting con- 
ditions as described, or the final condenser flow which can be de- 
termined from the heat-balance setup, may be used to determine 
the exhaust loss in Btu per pound flow from Fig. 10. If this is 
then multiplied by the average turbine efficiency and by the ex- 
haust flow, and divided by 3412.75, a figure is obtained in kilo- 
watts and represents the exhaust loss. This, divided by the total 
turbine output under consideration, gives the fractional relation 
the exhaust loss bears to the total output. Generally at full rated 
load this will be in the neighborhood of 60 per cent, more or less, 
of the percentage exhaust loss at the corresponding load under 
nonextracting conditions, depending upon the amount of extrac- 
tion, and the nonextraction exhaust loss. This is because the ex- 
haust loss per pound at rated load varies approximately as the 
square of the exhaust flow, and the exhaust loss in kilowatts varies 
as the loss per pound times the flow; hence, at fixed load condi- 
tions, and with the exhaust flow changing as a result of extraction, 
the exhaust loss in kilowatts, and so the percentage exhaust loss, 
varies about as the cube of the exhaust flow. 

Thus, if by virtue of a considerable amount of extraction for 
feedwater heating, the exhaust flow is dropped 15 per cent at con- 
stant load, as compared to what it would be under nonextract- 
ing conditions, the percentage exhaust loss would be only about 
62 per cent of what it would be with the same nonextracting 
load. 

This, of course, does not hold at the lighter loads, at which, as 
may be seen from Fig. 10, a reduction of flow may cause an in- 
crease in exhaust loss. 


VARIATIONS IN EFFICIENCY AND Output WitH Vacuum 


The variations in exhaust loss and available energy for changes 
in condenser pressure can be worked out accurately according to 
the preceding discussion to arrive at a family of steam-rate or 
heat-rate curves at different condenser pressures. A much simpler 
method, with accuracy high enough for many comparisons, in- 
volves the use of Fig. 12. This gives directly the net result of 
the changes in exhaust loss and available energy which come 
about with the change in condenser pressure, at constant-weight 
flow to exhaust. 

The curves in Fig. 13 are average curves for a number of differ- 
ent machines on which tests have been made. 


2—BACK-PRESSURE OR NONCONDENSING TURBINES 


In sizes from 10,000 kw to 60,000 kw, these turbines generally 
operate at 3600 rpm today, although some 1800-rpm machines 
are still built to meet certain conditions and many have been built 
in the immediate past. 

Fig. 14 shows the ‘‘turbine engine efficiency”’ of such machines 
at rated load for both 3600- and 1800-rpm turbines, and as a 
function of initial volume flow, with correction factors to take 
account of variations in initial pressure—back-pressure ratio. 
The shape and relative values of these curves are based on the 
analysis of tests on turbines. These curves are similar to the 
curves of Fig. 4 for condensing machines, except that they do in- 
clude leaving losses. : 

The generator efficiencies may be used from Fig. 8 to obtain 
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the ‘‘over-all engine-efficiency ratio’ at rated load. The mechani- 
cal losses on noncondensing machines can be assumed to be 0.75 
per cent of the rated-load kilowatts, which will be sufficiently 
correct for all ratings between 10,000 kw and 100,000 kw. 
Noncondensing turbines are usually designed so as to develop 
sufficient capacity to meet the generator rated kva at 0.9 power 
factor on an 0.8-power-factor normally rated generator. This 
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means that the turbine must develop about 1.11 times the rated 
load. This is ordinarily set as a maximum load limit, because 
to meet greater capacities than this depreciates the noncondensing 
turbine a larger amount at lighter loads than it does the condens- 
ing turbine. Corrections for such a machine for loads other than 
rated loads are contained in Figs. 15 and 16, and are applied to 
the results obtained from Fig. 14 for turbine efficiencies. 
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Fig. 16 for noncondensing turbines is similar to Fig. 10 for con- 
densing turbines, but more simply drawn. Because of the greater 
flexibility of design of the exhaust ends of noncondensing turbines, 
and because of the smaller magnitude of the exhaust losses, it is 
not necessary to specify particular sizes or exhaust stages. Gen- 
erally the exhaust is easily made proportional to the volume flow. 
There is one other point of difference between the exhaust-loss 
curves of Fig. 10 and those of Fig. 16, i.e., whereas Fig. 10 shows 
total exhaust losses, Fig. 16 shows only the difference between 
the exhaust loss at rated flow and the exhaust loss at any other 
flow. Also, it is possible, by varying the design, to shift the 
“zero-exhaust-loss” point along the abscissa scale, somewhat, to 
favor lower or higher loads. 

These values are much more dependent upon the available 
energy or pressure ratio than are the corresponding values in Fig. 7 
for condensing turbines and should be applied before the gener- 
ator and mechanical losses are applied. 

Thus, by a method similar to that used for condensing ma- 
chines, the noncondensing-turbine performance may be calculated 
at partial loads and overloads. These calculations are based upon 
constant initial and exhaust pressures over the range of load. 
Corrections for small changes in exhaust pressure can be made by 
using the same curves, with proper attention paid to the volume- 
flow scale. 

Cross-ComPpounD TURBINES 


Generally, it is not possible or economical to make the high- 
pressure sections of condensing turbines as efficient in the ex- 
pansion from the initial pressure down to the region between 200 
lb and 300 lb as is that of a straight 3600-rpm noncondensing 
turbine for this pressure range. Hence, an increase in efficiency 
can be obtained by combining such a noncondensing turbine with 
a 3600- or 1800-rpm low-pressure turbine into which it exhausts. 
The performance of such a combination can be obtained by 
figuring out the performance of each separately from the preceding 
data and combining them. On resuperheating turbines this proc- 
ess of separating the high- and low-pressure units must be done 
to get the steam back to the resuperheater. 

The method outlined would only give performance figures at 
a fixed “crossover” pressure between the units, but the data con- 
tained herein are sufficient to permit state lines to be drawn for 
the two combined units for ‘‘variable crossover” conditions by 
one skilled in the art, but space will not permit presenting this 
ease here. This would also apply to resuperheating arrangements. 


CONCLUSIONS 


New designs and the progress of research are continually im- 
proving the values of efficiency which can be reached. Turbines 
are operating today at over-all efficiencies which were scarcely 
thought possible a few years ago. We do not expect this progress 
to cease and, hence, these values can only be accepted as tentative. 
However, the authors do believe them to be relatively correct, 
and hope they will be of considerable value to those engaged in 
power-plant design. 
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Appendix 


EXAMPLE 1—CONDENSING TURBINE 
Turbine Data: 


Rating, 35,000 kw; 0.8 power factor; 600 psi; 850 F; 1!/, in. Hg 
abs; hydrogen-cooled generator; 3600 rpm. Turbine to be able 
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to carry 43,750 kw at 1 power factor, with extraction for feed- 
water heating to 322 F. 

Section 1. Calculation of approximate maximum required 
flow to throttle: 

From Fig. 5, over-all engine efficiency at 600 psi, 300 F super- 
heat, 35,000 kw for 3600 rpm is 78.8 per cent. 600 psi, 850 F is 
361 F superheat. 

From Fig. 6, superheat correction for 361 deg is 0.991. 

78.8 
——— = 79.5 per cent 
0.991 

Theoretical nonextraction steam rate for 600 psi, 850 F, 11/2 
in. Hg (from tables*) is 6.479'lb per kwhr. 

Approximate maximum-load nonextraction steam rate = 

6.479 
0795 8.15 lb per kwhr 

Expected rise in feed temperature = 322 F -- 92 F = 230 F. 

From rule given on page 7 of this paper, increase in throttle flow 
required to hold constant load when extracting is 

11.5 t ( imately) 
— = 11.5 per cent (approximately 
200 PI 

Approximate maximum required throttle flow for 43,750 kw 

extracting then is 


43,750 X 8.15 & 1.115 = 398,000 lb per hr 
This is the ‘100 per cent maximum flow” for use with Fig. 7. 


Section 2. Choose actual size of exhaust-annulus area. En- 
thalpy at throttle conditions, 1435 Btu perlb. Approximate used 
energy in turbine is 


3412.75 
= 
8.15 


Approximate enthalpy of exhaust to condenser = 1435 — 419 = 
1016. 

From Fig. 11, exhaust specific volume = 420 cu ft per lb. 

For rated load, the approximate nonextraction flow is 35,000 
X 8.15 = 285,000 lb per hr. 

At this load, if we choose the 49.7 sq ft exhaust, the equivalent 
annulus velocity (Fig. 10) is 


285,000 X 420 
3600 X 49.7 


This would result in exhaust loss (curve 7, Fig. 10) of 11.3 
Btu per lb. 


= 669 ft per sec 
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3412.75 
Theoretical available energy = oe Oe 526.7 Btu per lb. 
6.479 
11.3 
= = 2.15 per cent exhaust loss at this condition 
526.7 


This percentage loss will be reduced when extracting, and may 
be lower than is worth while to achieve. If we choose the 41.7- 
sq-ft size, the annulus velocity at the same condition would be 


49.7 
f 
679 X 7 809 ft per sec 


This would result in exhaust loss (curve 6, Fig. 10) of 18.0 

Btu per lb 

18.0 34 ‘ 

—— = 3.4 per ce 

526 
This latter case is, in general, more nearly in line with the 
average choice, and we will assume the 41.7 sq ft exhaust will be 
used. A still smaller size might be chosen if economically de- 
sirable. 


or 


Section 3. The calculation of nonextraction steam rate at 
various loads is given in Table 1. Specific volume of steam to 
throttle (from tables) = 1.21. Maximum volume flow to throttle 
_ 1.21 X 403,000 
7 3600 
in class C on Fig. 7, except that initial temperature is too high 
for this class, so that it becomes class B. Choose fractions of 
maximum flow to reflect shape of curve B, Fig. 7. 

Section 4. Construction of “state curves” for bleeding per- 
formance calculations: 

The enthalpy of point D, Fig. 12, can be found. 

Enthalpy at point D for any flow in Table 1 is 


= 134 cfs. This volume flow puts the machine 


ite 
Enthalpy at throttle X Theoretical available energy) | 


With the various D points determined, state curves can be 
constructed according to Fig. 12, and described in the main text 
of this paper. Heat-balance calculations, using the particular 
heater arrangement desired, will give the amounts of steam to be 
bled from the turbine at the various bleed points at the various 
throttle flows. At each throttle flow, a table of the steam flows 
through the turbine can be made, and the power output of each 
section calculated from the flow through the section and the en- 
thalpy drop through the section according to the state curve. 
In calculating the power output of the final low-pressure section 
of the turbine, the true “end point” of the expansion is not at 
the points D. The true enthalpy in the exhaust is the enthalpy 


TABLE 1 


ove 


ee 20 40 


Percentage of maximum throttle flow............. 
79600 


Throttle flow, Ib per 
Base over-all efficiency of turbine (from Section 1) = 79.5 per cent. 


60 80 90 100 
159000 239000 318000 358000 398000 
This includes 4 per cent exhaust loss, 


1.25 per cent mechanical loss, and 98.4 per cent generator ees | 


= 85.1 


4 Base value of turbine “internal” efficiency, per cent = 0.96 ~ 0.9875 X 0.984 
5 Efficiency correction factor (Fig. 7)........-.++-+++- 0.92 0.968 0.988 1.00 0.996 1.00le 
6 Actual turbine “internal” efficiency (4 X 5), percent... 78.3 82.4 84.1 85.1 84.8 85.2 
7 Equivalent annulus velocity, ft per sec.............. 226 451 677 901 1013 1128 
8 Exhaust loss (curve 6, Fig. 10), Btu per lb........... 14.0 7.0 13.2 22.2 26.6 31.7 
9 Exhaust loss (item 8 + available energy),’per cent... 2.6 1.3 2.5 4.2 5.0 6.0 
10 Turbine ‘“wheel”’ efficiency [ 6 — (item 9 xX 
11 “Turbine wheel’ steam rate 
(Eeaeeetene steam rate X 200) , Ib per kwhr........ 8.49 7.96 7.90 7.95 8.04 8.09 
i 
12 Turbine wheel load (item 2 + Oe) eee 9370 19970 30260 40000 44520 49200 
13. Mechanical loss (from Fig. 9), kw..........+-200-5- 290 290 290 290 290 290 
14 Generator input (item 12 — item 13), kw........... 9080 19680 29970 39710 44230 48910 
15 Generator loss, per cent (from 3.60 1.90 1.45 1.2 
16 Generator loss (item 14 x “SR kw...... 325 375 435 480 480 480 
17 Generator output (item 14 — item 16), LO 8755 19305 29535 39230 43750 48430 
18 Over-all nonextraction steam rate (item 2 + item 17), 
f .09 8.24 8.09 8.11 8.18 8.22 


AG 
far 
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item 6 
at D plus ( 00 ) X exhaust loss (Btu per lb from Fig. 10, Maximum throttle volume flow = ee = 118 cfs. 


corresponding to actual exhaust flow). 

When the power outputs of the various sections are summed 
up, the mechanical losses and generator losses must be deducted 
to arrive at the generator output. 


EXAMPLE 2—NONCONDENSING TURBINE 
Turbine Data: 


Rating, 25,000 kw; 0.8 power factor; 3600-rpm air-cooled 
generator; 1200 psi; 925 F; 250 lb gage exhaust; maximum 
capacity to be 28,000 kw at improved power factor. 


Section 1. Calculation of approximate maximum required flow, 
and “‘base’’ turbine efficiency: 

Theoretical steam rate (from tables’) = 18.57 lb per kwhr. 

Estimated over-all efficiency at 28,000 kw is 77 per cent. 


18. 
Maximum-load steam rate = ~ = 24.1 lb per kwhr. 


Maximum flow = 24.1 X 28,000 = 675,000 lb per hr. 
Specific volume of steam at throttle (from tables) = 0.63 cu 
ft per Ib. 


This places the machine being considered on curve F, Fig. 15. 

Rated-load volume flow to throttle is approximately 25,000 x 
24.1 X 0.63 = 379,000 cu ft per hr. 

“Base” engine efficiency of turbine (from curve, Fig. 14) is 


P. 
82.7 per cent at = 6 


2 


Pressure-ratio correction (from Fig. 14) = 0.7 per cent. 
P 
‘‘Base’”’ engine efficiency (« - = 1.58 is 82.7 — 0.7 = 82.0 
2 
per cent. 
Section 2. The calculation of “‘steam-rate-versus-load’”’ curve 
is given in Table 2. Choose fractions of maximum flow to reflect 
shape of curve F, Fig. 15. 


TABLE 2 


100 — item 5 


Turbine ‘‘wheel’”’ steam rate 
(theoretical steam rate X 100) —_ 


item 7 


9 Turbine “wheel” load (item 2 + item 8), kw....... 
10 Mechanical losses (0.75 per cent of 25000 kw), kw.... 
11 Generator input, kw = (item 9 — item 10)......... 
12 Generator loss (from Fig. 8), per cent..............- 


5 520 575 660 685 685 685 


item 12 


13 Generator loss X item 11), 


14 Generator output (item 11 — item 13), kw......... 
15 Over-all steam rate (item 2 + item 14), lb per kwhr.. 


Percentage of maximum throttle flow.............. 
“Base” turbine efficiency (from Section 1) = 82.0 per cent 
Efficiency correction factor (from Fig. 15), per cent.. 
Changes in exhaust loss (Fig. 16), per cent........ 


60 6 94 
. 270000 405000 540000 581000 635000 675000 


Corrected turbine efficiency (3 X 4 X 6), per cent... 


90 
‘ 8505 16430 23610 25360 27230 29030 


; 0.86 0.961 1.00 0.996 0.981 0.984 
2 3.3 3 0 0.3 0.6 


0.848 0.967 0.997 1.00 0.997 0.996 
59.8 76.2 81.8 81.7 80.2 80.4 


31.06 24.37 22.70 22.73 23.16 23.10 
8695 16620 23800 25550 —_ 29220 
190 


6.1 3.5 2.8 2.7 2.5 2.4 


7985 15855 22950 24675 26545 28345 
33.8 25.53 23.52 23.54 23.92 23.82 


Addenda 


i ous purpose of this paper has been to give a working tool to 
those engineers in public utilities, industries, and consulting 


groups who are frequentiy making studies as to the relative per- 


formance of turbines at different steam conditions, vacuums, 
capacities, loads, etc. The authors hope the data will be of value. 

It is necessary to point out that this paper gives expected 
relative efficiencies only. The values obtained for any one par- 


ticular machine will probably not conform with either guaran- 


tees or tests which have been made, since, as stated in the paper: 
“Tt is expected (these efficiencies) will have some margin as 
compared with the probable test results when in good condi- 
tion.” Furthermore, inspection of Figs. 1 and 2 shows quite 
clearly that the test results of machines within the same time 
group may frequently vary + 1 per cent or more, although re- 
cently tested machines seem to give more uniform results. There- 
fore, an analysis such as this must present an average, with some 
allowance for unfavorable conditions. 

Particular attention is directed to Fig. 12 which presents an 
easy method of making quite accurate vacuum corrections to a 
turbine guarantee or test, under either extraction or nonextrac- 
tion conditions and at all loads and over a wide variety of steam 
conditions. 


Discussion 


Linn HELANDER.S The authors have presented data on the 
relative efficiencies of large steam turbines that will be of im- 
measurable value to teachers and to engineers engaged in design- 
ing or operating steam power plants. Not only are the data in a 
form which should enable engineers to use them conveniently, but 
they are also of a character which should enable the power-plant 
designer and operator to evaluate with a greater degree of accu- 
racy than heretofore the economies obtainable from the use of 
multiple-stage bleeder heaters. For the first time, as far as this 
writer is aware, data have been presented which should enable 
power-plant engineers to evaluate conveniently the effects of 
both tle increased throttle flow of steam and the altered leaving 
losses which accompany the extraction of steam from turbines 
for use in feedwater heaters. 

The data will be of particular help to engineers engaged in 
making those preliminary studies which usually precede a choice 
of throttle steam pressure, throttle steam temperature, vacuum, 
and arrangement of feedwater heaters. They should free the 
power-plant engineer from the necessity of calling upon turbine 
manufacturers for numerous data on alternate designs, many of 


® Professor of Mechanical Engineering, Head of Department, 
Kansas State College, Manhattan, Kansas. Manager A.S.M.E. 
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WARREN, KNOWLTON —"“ENGINE EFFICIENCIES” 


which will prove to be obviously unacceptable during early 
studies of heat-balance arrangements. The authors’ contribution 
should prove beneficial, therefore, not only to the power-plant 
designer and operator but also to turbine manufacturers. 

The authors have been careful to point out that the data pre- 
sented by them have been developed from specific designs of 
General Electric Company turbines and that they are subject 
to modification, as the art of designing turbines improves. One 
may assume also that the data should not be used indiscrimi- 
nately in making final decisions, particularly when those decisions 
relate to turbines made by manufacturers other than the General 
Electric Company. Engineers engaged in selecting condensers 
should no doubt delay their choice of size of condenser until the 
precise characteristics of the turbine to which the condenser is to 
be joined are known, and they should then obtain the proper 
vacuum corrections from the manufacturers of the turbine. 

The procedure for making vacuum corrections as proposed by 
the authors is simple. However, it does not permit evaluating 
the effect on vacuum corrections of gaging or the mean velocity 
of the last row of blades. Much remains to be said about vac- 
uum corrections, and we may hope that the authors, or some of 
their associates, may find a convenient opportunity at some later 
date to discuss this subject more fully. Engineers engaged in 
selecting condensers are concerned with the order of accuracy 
which may be attached to turbine vacuum corrections as they 
are now being evaluated; an exposition of the methods em- 
ployed by manufacturers in evaluating vacuum corrections 
would, therefore, be of general interest. 

The term “internal engine efficiency of a turbine’’ is employed 
by the authors to denote the ratio obtained by adding the kinetic 
energy of the leaving steam to the internal shaft work and di- 
viding the result by the isentropic-enthalpy drop. This term is 
also used to denote the ratio obtained by dividing the internal 
shaft work, exclusive of the kinetic energy of the leaving steam, 
by the isentropic-enthalpy drop. These internal efficiencies are 
obviously not the same, and some means of distinguishing them 
should perhaps be adopted. 


E. H. Kriea.* It is most encouraging that the authors have 
seen the need of operators and designers for the data contained 
in this paper. For years there has been a feeling that a sort of 
“no man’s land” existed between power-plant designers and tur- 
bine designers. The turbine designer, of course, could not know 
the intricacies of system operation and the myriad complexities 
of operating details and, at the same time, qualify as a turbine 
expert. To many power-plant operators and designers, the tur- 
bine designer’s work was quite mysterious, neither its possibilities 
nor limitations being clearly understood. When the power-plant 
designer appreciates some of the problems of the turbine de- 
signer, and the turbine designer is confronted by the operating 
problems raised by his “brain children,” then the optimum re- 
sult is achieved. A common ground of understanding makes it 
possible to appreciate the issues involved. 

There was a time when such data as presented in this paper were 
considered quite a trade secret, but the truth is that the educa- 


* Engineering Department, American Gas and Electric Service 
Corporation, New York, N. Y. Mem. A.S.M.E. 
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tion of the customer or user in the fundamental characteristics of 
the equipment will lead to a much more satisfactory applica- 
tion. No longer do we have a plethora of ‘“base-load” single- 
valve turbines. 

May the writer point out that this paper is not quite as com- 
prehensive as would appear to be desirable. However, it is real- 
ized that it would be rather a full task to discuss the selection and 
application of prime movers. Or are we making too much of 
progressive engineering? It is but a few months ago that a 
keen longing was expressed in one technical publication for the 
“good old days” of 250-lb 600 F plants which were quite as 
efficient as those of 1250 lb 950 F, which we now have. Anyone 
reading this paper can readily see from Fig. 5 that a 200-lb 50,000- 
kw turbine has an efficiency of 81.5 per cent against 76.6 per cent 
for 1200 lb pressure. Obviously this is not the entire story. Per- 
haps the authors could be induced to explain why, in the face 
of this fact, it is still possible for high pressure and temperature 
to show an advantage. But even if they do not, let us keep in 
mind that governmental statistics indicate that the country’s 
electrical output has doubled for the same coal consumption 
during the last decade or two. It did not happen by adhering to 
the pressures, temperatures, and sizes of units of two decades 
ago. A study of this paper should show some of the reasons. 


AvutHors’ CLOSURE 


Professor Helander states that “‘the procedure for making 
vacuum corrections as proposed by the authors is simple. How- 
ever, it does not permit evaluating the effect on vacuum correc- 
tions of gaging or the mean velocity of the last row of blades.” 
This apparently refers primarily to the use of Fig. 12. This 
figure is, as stated in the paper, only an average, and for approxi- 
mate use only. Accurate vacuum corrections can be calculated 
by the use of the exhaust-loss curves, Fig. 10,and vacuum correc- 
tions so calculated will automatically take care of such variations 
in “mean velocity” and bucket exit angles as exist with the vari- 
ous last-stage wheels. 

There is some justification for Professor Helander’s remark re- 
garding confusion of the use of the term “internal engine ef- 
ficiency.”” Our own practice, which we believe is consistently 
followed in the paper, is to reserve the term “internal engine 
efficiency” for denoting an efficiency of the turbine alone with no 
exhaust loss, as Professor Helander states. 

Mr. Krieg points out that a low-pressure low-temperature tur- 
bine is shown to have a better engine efficiency than one for a 
high pressure and high temperature, and raises the question as to 
the justification for high pressures and temperatures. Obviously, 
the power-plant operator is interested in the thermal efficiency of 
his plant primarily, and this is dependent first of all on the ther- 
mal efficiency of his steam cycle. As between the 200-Ib and the 
1200-lb turbine whose engine efficiencies are compared by Mr. 
Krieg, there is more than 20 per cent difference in the cycle ther- 
mal efficiency which, of course, easily overbalances the change 
in engine efficiency of 5 per cent. It is expected that a presenta- 
tion of the theoretical thermal efficiencies of steam cycles can be 
made in the near future. When the theoretical cycle efficiency 
differences are thus made available, an evaluation of the net effect 
of change in cycle efficiency and change in engine efficiency will 
be comparatively simple. 
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Experience With Metals at High Tempera- 


tures for Power Plants 


By A. E. WHITE! ano C. L. CLARK,? ANN ARBOR, MICH. 


From wide experience with various metals and appli- 
cations of different types, in high-pressure, high-tem- 
perature power-plant service, the authors have selected 
piping and bolting materials for detailed discussion. In 
this field, carbon-molybdenum steel is receiving the 
greatest amount of attention and so the properties, con- 
trol of grain size, heat-treating practice, creep rates, and 
kindred matters for this material are dealt with in the 
paper. Based on two specifications for bolting material 
issued by the American Society for Testing Materials, the 
authors discuss the selection of properties, heat-treatment 
practice, and causes of failure in this type of material. 
The conclusion is reached that in so far as suitable alloys 
for pipes and bolts for high temperature are concerned, 
the art is yet in its developmental stage. 


HE subject of this paper is sufficiently broad so that it 
"Leona cover experiences with many varying kinds of metals, 

as well as experiences with the metals in many different 
types of units which are subject to high-temperature service. 
For instance, in the power-plant field, experiences with the 
metals in boilers, heaters, condensers, superheaters, piping, 
fittings, valves, and turbines might be discussed. Also, the 
subject could be approached from the standpoint of the relative 
high-temperature merits of the various brasses and bronzes, 
monel metal, and, in the ferrous field, plain carbon steels, low- 
alloyed steels, and stainless steels. The subject is so inclusive, 
however, that it would appear to be desirable to limit its scope 
to experiences with piping and bolting materials. 


Prpinc ror H1iGH-TEMPERATURE SERVICE 


With respect to piping, numerous alloys have been developed 
for high-temperature service. Many of these are covered in the 
specifications of the American Society for Testing Materials, 
especially in the specification for carbon-molybdenum pipe and 
in the specification for alloy-steel pipe for service from 750 to 
1100 F. In this latter specification, the alloys of molybdenum— 
low chromium, 4 to 6 per cent chromium, 13 per cent chromium, 
silicon-molybdenum, and 18-8 chromium-nickel alloys—are the 
predominant types. Each has its special application and some 
are used extensively in the petroleum field. 

The alloy for pipe in the power-plant field, which today is 
receiving the greatest amount of attention, is carbon-molyb- 
denum steel. It is used almost exclusively for high-temperature, 
high-pressure applications. It is by no means the only alloy 
which is available for this purpose, nor does it have as good high- 
temperature characteristics as some alloys which might be 
mentioned. But, for service temperatures up to 950 F and 


1 Consulting Engineer, and Director of Engineering Research, 
University of Michigan. Mem. A.S.M.E. 

? Research Engineer, Department of Engineering Research, 
University of Michigan. 
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Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Taz AmmRrt- 
can Society or MecHANICAL ENGINEERS. 
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possibly up to 1000 F, it is the least expensive and the most 
nearly foolproof of all the alloys which are available. For these 
reasons, it will be the only pipe material which will be discussed. 

One of the outstanding needs of those who use carbon-molyb- 
denum steel for high-temperature purposes is a simple test which 
can be used to determine the high-temperature properties of the 
metal under examination. The standard creep test is too long, 
in that it is a test which requires 1000 hr for its completion. 
Other tests have been proposed, such as Hatfield’s time-yield 
test, varying-rate tensile tests, stress-rupture tests, and others. 
None of these has proved satisfactory at a temperature of 925 F 
for this steel, possibly, because this temperature is in the strain- 
hardening range which introduces, in consequence, an un- 
controlled variant. It is possible that some one or more of these 
tests might prove satisfactory if the temperatures selected were 
substantially in the plastic rather than in the combined elastic- 
and-plastic range. 

Within the last 2 or 3 years, considerable attention has been 
focused on the metallographic method of determining acceptable 
high-temperature properties for plain-carbon and low-alloyed 
steels. The evidence to date seems to indicate that a steel, 
the normal tendency of which is to develop coarse grains, is 
preferable for high-temperature service to one in which the 
tendency is to develop fine grains. In other words, a steel which 
will show a grain size of from 3 to 6 seems to have better high- 
temperature properties than a steel with a grain size of from 7 to 8. 
Yet, grain size in itself does not appear to be the only determining 
factor for any given composition. The nature and distribution 
of the carbides in the carbide-containing grains appears to be 
of considerable importance. For instance, when the carbide 
grains assume a Widmanstitten structure, that is, one in which 
precipitation occurs in cleavage planes, better high-temperature 
properties appear to be secured than when the carbides are in 
some other form. 

The control of grain size is a function of steel-melting prac- 
tice and heat-treatment. In order that the steel-melting practice 
may be of an acceptable type, the steel should be either silicon- 
or silicon-aluminum-killed. It should not be killed with alumi- 
num exclusively. Of course, any grade of steel can be made to 
acquire a coarse grain provided it be heated to a sufficiently 
high temperature, but a properly killed steel of the type desired 
for high-temperature service should show a 3 to 6 grain size if 
normalized or annealed from 1700 F. An improperly killed 
steel, on the other hand, if normalized or annealed from 1700 
F, would show a fine grain. 

In this connection, in some data which were obtained from 
an investigation sponsored by The Detroit Edison Company, 
creep rates at 925 F on various heats of carbon-molybdenum 
steel of substantially the same composition were found to range 
from 0.3 to 7.3 per cent per 100,000 hr, under the same stress. 

The structures of the steels showing low, medium, and high 
creep rates are given in Figs. 1, 2, and 3. The creep rate for the 
steel with the structure shown in Fig. 1 is 0.3 per cent per 100,000 
hr. The grain size is from 5 to 7 and the carbide grains are of 
the Widmanstitten type. The creep rate for the steel shown 
in Fig. 2 is 2.3 per cent per 100,000 hr. The grain size is from 
7 to 8. The creep rate for the steel shown in Fig. 3 is 7.3 per 
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Fig. 1 PHoToMICROGRAPH OF CARBON-MOLYBDENUM STEEL SHOW- 
ING Low CreEEp 
(Heat 1; N.1650, D.1200 F; 100.) 
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Fig. PHOTOMICROGRAPH OF CARBON-MOLYBDENUM STEEL HAVING 


Mepium Creep Rate 
(Heat 9; N.1650, D.1200 F; 100.) 
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Fic.3 PHoTomicroGraPH OF CARBON-MOLYBDENUM STEEL Havine HicH Creep Rate 
(Heat 10; A.1925-1975 F, 3 hr; 100.) 


cent per 100,000 hr. The grain size in certain sections ranges 
from 2 to 3 and in other sections from 5 to 7. For the most 
part, the grain size is large. It is, however, decidedly nonuni- 
form. Its structure is of a type known as duplex. The high 
creep rate is attributed at least in part to this type of structure. 

Too broad generalities must not be drawn from any of these 
findings. Our knowledge with regard to what causes differences 


in high-temperature properties and how to interpret the findings 
of microstructures is still in an experimental stage and, before 
definite conclusions can be drawn, much further work will be 
required. 


’ Credit for the emphasis on the high-temperature properties of 
the metals on the basis of metallographic structure is given to S. H. 
Weaver, of the General Electric Company, and his associates. 
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Although it is now possible to get a steel of what is assumed 
to be the desired type from a steel mill, the grain size and the 
constitutional characteristics of the crystals may not be of the 
most suitable type when the metal has been fabricated and 
installed in the power plant. Constitutional changes may be 
brought about during fabrication which may adversely affect 
the type of carbide crystals and grain size, with a resultant 
change in the high-temperature properties of the metal. For 
instance, when pipe is bent it is heated, and the temperatures 
employed for heating may affect grain size and the nature of the 
carbide crystals. If the temperature of the heating is too low, 
it may even result in bringing about an agglomeration of the 
carbides, which is known as spheroidization. Such changes as 
have occurred during the bending, other than those of spheroidi- 
zation, can usually be taken care of by a normalizing or an- 
nealing of the metal from 1700 F. This operation is not always 
possible, because it is not always practicable to place a bent sec- 
tion of pipe into a normalizing furnace. 

Also, sections of pipe are now being assembled to an increasing 
degree by welding. This, of course, introduces temperature 
gradients ranging all the way from the temperature of molten 
steel to room temperature. The welding operation also intro- 
duces changes in chemical composition. Where it is possible to 
normalize or anneal the material thus welded in a furnace from 
1700 F, most of the objections with regard to changes which 
have been brought about in the grain size and the grain struc- 
ture are eliminated. Yet, it is not always possible to normal- 
ize or anneal the material from 1700 F. In most cases, it is 
possible only to stress-relieve it from 1200 F. This means, of 
course, that the grain size and the grain structure may be dif- 
ferent from that which is preferred and, therefore, in certain 
sections, all of the precautions which have been taken to get 
preferred grain size and a preferred grain structure have gone 
for naught. 

There is yet another matter which should, at least, be men- 
tioned at this time. It relates to the tendency of carbon- 
molybdenum steel, under certain conditions of time, stress, and 
temperature, to become practically nonductile. To be sure, 
most of the known cases to date, in which low ductility has been 
found, have been under conditions of a high or a relatively high 
stress. For instance, when a steel was held under a stress of 
16,000 psi at 1000 F, fracture occurred in but a few thousand 
hours, with elongations and reductions of area around 5 per cent 
for each.‘ This stress value is about 3 times the allowable 
stress value given by the A.S.M.E. Boiler Code for this kind of 
steel at this temperature. Some claim that, if the stress values 
are kept within those recommended by the Boiler Code, no 
brittleness will develop in the steel. Only time or a systematic 
investigation of this subject will tell whether or not this kind 
of steel will maintain normal ductility if conservative stress 
values are used. 


Use or Botts Hicr-TEMPERATURE, HiGH-PRESSURE WORK 


Although the use of bolts in high-temperature, high-pressure 
lines is rapidly declining, there are still places in which they are 
extensively used. Bolts are required for the assemblage of 
certain turbine parts. This use is most important. It is seldom, 
however, that bolts are used in modern piping systems, as welding 
has replaced most other types of pipe joints. 

From time to time, failures with bolts are reported. These 
may be due to improper composition of material, improper heat- 
treatment, faulty material, or abuse in installation. 

The American Society for Testing Materials has issued two 
specifications for high-temperature alloy-steel bolting materials. 
One merely gives three classifications on the basis of tensile re- 


‘ Courtesy of The Timken Steel and Tube Company. 


quirements with chemical limits for only sulphur and _ phos- 
phorus. The other gives eleven types of steels with the full 
chemical composition of each type. Not all of these eleven 
types are suitable for all kinds of service. Also there are many 
classes of steel which are not among the eleven types given but 
which have a place in this field. 

In the selection of bolt stock, care must be exercised to see 
that the material is of a nonaging type. Further, since all bolt 
material shows lower impact values at some temperatures than 
at others, the bolt stock selected should be such as will have a 
good impact value at the temperature at which bolt is to be used. 

Also, care must be exercised to see that the material will not 
develop low impact values in service. When found, these low 
values are a manifestation of aging that is produced by strains 
set up in the quenching operation when followed by a heating 
for the necessary time at moderately elevated temperatures or 
by an overstraining, followed, in turn, by a heating cycle. 

As a rule, trialloy bolts are superior to dualloy bolts. In this 
connection, silicon is considered as an alloy when in quantities 
above 0.3 per cent. Many of the difficulties reported have been 
with dualloy bolting material. 

Improper heat-treatment may be of two types—one a heat- 
treatment giving improper physical test values, and the other, 
one in which it is possible for quenching cracks and other defects 
to develop. 

In the matter of heat-treatment, there are two schools of 
thought—the one wishes high ductility in the finished bolt, even 
at a sacrifice of strength, while the other seeks high strength, 
even at a sacrifice of ductility. Personally, the authors favor 
bolts with high strength characteristics as these resist distortion 
when they are tightened to a greater extent than the low-strength 
bolts. 

In the realm of poor heat-treatment practice, the mass charging 
and mass quenching of bolt stock and bolts may yet be found in 
some plants. To the principle of mass production there is no 
objection but, when carried out without due regard to each 
individual piece, there is decided objection. Each piece must be 
heated and quenched uniformly, otherwise, nonuniformity of 
stock results. Some of the consequences of nonuniformity in 
heat-treatment are quenching cracks and too low or too high 
tensile properties. 

Some of the failures which have taken place have been due to 
faulty material. This may mean an improper choice of material 
or defective stock. Defective stock may be due to lack of com- 
pliance with chemical and physical requirements, stock unduly 
filled with inclusions, stock with cracks due to faulty quenching 
or improper machining practice, or other causes of a similar 
character. 

Finally, failures due to abuse in installation must not be for- 
gotten. Less frequently than formerly but, nevertheless still 
sometimes occurring, undue strains are placed on the bolts during 
tightening-up operations. These lead to cracks which, in due 
time, result in bolt failures. Most companies now control the 
forces used in tightening the bolts so that excessive stresses are 
not set up, reducing, in consequence, the number of failures from 
this cause. 

The selection of proper bolting material is by no means as 
simple as may, at first glance, appear to be the case. Due regard 
must be given to room-temperature tensile properties, proper 
high-temperature properties, such as adequate creep strength, 
and acceptable impact values, both at room temperature and at 
the given elevated temperatures, with little, if any, drop in the 
values, even after long-continued service. 

It is quite apparent from all that has been said that we are yet 
in the developmental stage so far as suitable alloys for pipes and 
bolts for high-temperature service are concerned. A master 
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alloy which will resist oxidation and embrittlement, have high 
strength at elevated temperatures, irrespective of the nature of 
its constitutional structure, respond readily to working and 
welding, and, in addition, be reasonably inexpensive has not as 
yet been found. Great progress in this direction has already 
been made and further progress is expected, as many metallur- 
gists are today engaged in bringing forth new and improved 
alloys for high-temperature service. 


Discussion 


Hans Dauntstranp.5 Experience with metals at high tem- 
peratures indicates the importance of this subject. Many power 
plants have been operating at more than 900 F temperature for 
considerable time and, therefore, experience on the suitability 
of the materials exposed to such temperatures is being made 
available. This experience indicates that there is room for much 
improvement particularly on materials for piping and bolting. 
Bolts made from certain steels specified by the A.S.M.E. have 
not in all cases been satisfactory in service whether because of 
improper heat-treatment of the steel or because the steel would 
not stand up under the exposed temperatures. It is hoped that 
we shall have more enlightenment concerning this subject as 
further increase in operating temperature is contemplated. 


F. E. Foster. The conclusion that a coarse-grained steel 
develops better creep resistance than a fine-grained steel is open 
to question after a study of the existing data has been made. In 
particular, a superficial examination of the investigation referred 
to by the authors indicates that the coarser grain size developed 
the best creep resistance. However, it is apparent from a study 
of the results obtained that grain size was coincidental rather than 
a fundamental factor. For instance, a steel with a 5 to 7 grain 
size, as shown in the photomicrograph, developed the best creep 
rate obtained in this investigation. However, two other samples 
having the same grain size and similar microstructure developed 
creep rates ranging up to 0.8 per cent per 100,000 hr, or 3 times as 
much as the example given. The three samples represented three 
different heats and had received three different treatments prior 
to testing. Also, steel with a grain size of 7 to 8 is presented as 
having a creep rate of 2.3 per cent per 100,000 hr. 

The original report presents results on six other samples hav- 
ing the same grain size and same type microstructure on which 
creep rates varied from 1.1 to 2.9 per cent per 100,000 hr. Each 
of these samples had had the same prior heat-treatment but 
represented different heats of steel. In addition, a difference in 
creep rate of only 0.3 per cent was obtained between a 5 to 7 and 
a 7 to 8 grain size. In regard to photomicrograph Fig. 3, the very 
high creep rate is attributed to the nonuniform or so-called 
“duplex” grain. Photomicrographs in the original report show 
somewhat more uniformity and are in fact classified there as 3 
to 6 grain size. It might be noted in passing that a 3 to 6 grain 
size is required by American Society for Testing Materials, Speci- 
fications for Carbon Molybdenum Pipe for High-Temperature 
Service. 

~ The writer agrees with the authors that the nature and distribu- 
tion of the carbide appear to be of considerable importance. 
Miller, Campbell, Aborn, and Wright’ found that, after tests of 


5 Engineer in charge, Steam Turbine Department, Allis-Chalmers 
Manufacturing Co., Milwaukee, Wis. Mem. A.S.M.E. 

* Metallurgist, Consolidated Edison Company of New York, Inc., 
New York, N. Y. 

7™“Tnfluence of Heat-Treatment on Creep of Carbon-Molybdenum 
and Chromium-Molybdenum-Silicon Steel,’’ by R. F. Miller, R. F. 
Campbell, R. H. Aborn, and E. C. Wright, Trans. American Society 
for Metals, vol. 26, 1938, pp. 81-101. 
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3000 hr duration on carbon-molybdenum steel, the best creep 
resistance was obtained when the carbide of the pearlite areas 
was slightly spheroidized and a ground-mass precipitate, probably 
molybdenum-rich carbide, was finely distributed throughout the 
ferrite matrix. This, of course, is the direct antithesis of the 
Widmanstiitten type of structure preferred by the authors. 


E. H. Kriea.® It is most encouraging to have this metallurgi- 
cal paper made an integral part of the proceedings of the Power 
Division for it betokens the great importance of metallurgy to 
the power industry. In acknowledging our indebtedness to the 
metallurgists, may we at the same time call attention to their 
large share of responsibility for future progress in the production 
of power by burning fuel. 

Although many metals are being developed for high-tempera- 
ture piping, the authors call attention to the many factors en- 
tering into the selection of piping material. Besides a satisfac- 
tory low creep rate, the material must be stable, resistant to oxida- 
tion and corrosion, workable, weldable, with a good background 
of success in minor applications before a major application can be 
economically justified. 

Referring to the photomicrograph Fig. 3, is it possible that a 
contributing cause of the low creep may be a slight carbide pre- 
cipitation or spheroidization along the grain boundaries? Would 
a X500 magnification more clearly portray such a condition that 
may not be readily observed at x 100? 

Because of the vital importance of the metallographic method 
of determining acceptable high-temperature properties of steels, 
would the authors kindly outline the essentials in their closure, 
because the more engineers who know about it, the more prog- 
ress will be made in improving the quality of steels available at 
low price. In other words, we should like to see certain American 
Society for Testing Materials codes made more rigid as regards 
quality, because, if everyone demands quality, steels of bet- 
ter quality will be produced as cheaply as former steels of 
poorer quality. As an illustration, grade B tubing in A.S.T.M. 
Specification A106-39 is superior to grade A in most respects, 
yet it now costs no more. Then why retain grade A when it 
no longer serves any function, although formerly it was con- 
siderably cheaper? 

Bolting material will continue to occupy a highly important 
position for some time to come. It is true that valves are being 
welded into the pipe lines and that in a few cases bonnets are 
being made, boltless, by welding them on or by using a breech- 
block design which was adopted for the 2800-lb valves at the Twin 
Branch plant. But bolting will continue to be used in turbines, 
and we already have many bolts in service which we shall have to 
live with for many years to come. We thoroughly agree with the 
authors that the greatest care should be exercised in their selec- 
tion and application, if trouble is to be avoided. 


G. B. Warren.’ During the last few years, temperatures 
adopted by the power industry have jumped from 750 to 825 F, 
then to 900 and now to 950 F. Much test work has supported 
these temperature increases but as yet, at the most, only a few 
years of actual experience. The emphasis placed in this paper, 
upon the proper manufacture of the steel itself, the heat-treat- 
ment of the fabricated pipe, metallographic structural control, 
and the avoidance of overstress in service, may, if heeded, be 
conducive to much more satisfactory piping and bolting systems. 

Although, as pointed out, the use of bolts is declining in piping 
and valves, in the turbines themselves bolts are still extensively 

8 Engineering Department, American Gas and - Electric Service 
Corporation, New York, N. Y. Mem. A.S.M.E. 


* Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 
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used, therefore, a need for better and more reliable bolts yet 
exists and probably will continue to exist. The authors indicate 
the necessity of tightening bolts properly and avoiding over- 
tightening, particularly for high-temperature service. This is a 
matter of great importance and appears to the writer to be even 
more sO as we acquire more experience with operation at higher 
temperatures. 

For the last several years, in developing turbine designs at the 
General Electric Company, efforts have been made to reduce the 
duty imposed upon bolts of high-temperature machines as much 
as possible. Working stresses have been drastically lowered, 
double-shell designs in many cases have permitted equalizing the 
horizontal-joint bolt load between two rows of bolts, elasticity 
incorporated in the bolting system has tended to reduce strains 
due to temperature variations, and designs have been made in 
such a way as to reduce the temperatures and the temperature 
variations to which bolted joints have been subjected. 

Recently we have been giving more thought to the mechanical 
design and construction of the bolts themselves, with the idea of 
reducing stress concentrations. 

We have availed ourselves also of the magnetic-powder method 
of checking bolts at the turbine-inspection period. The bolt 
threads are first lacquered white and then tested to detect in- 
cipient cracks. 

It is possible that, until a method of manufacturing better 
bolts has been developed, a few of the highest stressed and hottest 
bolts will have to be regarded as “‘renewable parts.” The cost 
would not be very great. 

In the last few years, an increasing number of long-time high- 
temperature rupture tests have been run both by the authors 
and by ourselves. We have commenced to learn that grain size 
and other metallurgical characteristics have an important in- 
fluence both upon the creep strength and upon the long-time 
rupture strength at high temperature. It appears probable that 
there is a relationship between these two values somewhat 
similar to that existing between elastic limit and tensile strength 
at ordinary temperatures. 

Thus, it is thought that, possibly, heat-treatments which im- 
prove the creep strength may not improve the rupture strength 
a corresponding amount, and may reduce the strain at rupture 
in much the same manner as certain heat-treatments may increase 
the elastic limit, without greatly increasing the tensile strength, 
and reduce the elongation. In many cases, good engineering in the 
case of low temperatures calls for the use of material heat-treated 
for the lower elastic limit. We have been considering whether or 
not good engineering might likewise call for a heat-treatment or 
grain size which would give a lower creep strength with a better 
margin between it and the rupture strength, and greater elonga- 
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tion before rupture takes place. Since our own test results are 
not without exception in this connection, it would be welcome to 
have the authors’ opinion on the general principles outlined. 

The writer would also like to ask the authors another question, 
the answer to which might be of material assistance to operators 
engaged in utilization of materials under the conditions covered: 

Does a heat-treatment which restores the high Charpy impact 
strength of a bolt, which has lost its high Charpy value as a 
result of stress, temperature, and time, likewise restore the pos- 
sible life of the bolt before rupture, providing, of course, the re- 
heat-treatment takes place before rupture has actually developed? 


AvuTuors’ CLOSURE 


The discussion contributed by Messrs. Dahlstrand, Foster, 
Krieg, and Warren to this paper is much appreciated. 

With regard to the discussion by Mr. Foster, possibly creep 
strength is a better criterion of high-temperature properties than 
creep rate, although in the paper reference was made only to 
creep rate. In the case of the steel in which the creep rate was 
0.3 per cent per 100,000 hours, the creep strength, on the basis 
of a stress which would produce an assumed elongation of one per 
cent in 100,000 hours, was 17,400 psi. In the case of the steel 
which showed a creep rate of 0.8 per cent, the creep strength was 
15,250 psi, and in the case of the steel which showed a creep rate 
of 2.3 per cent, the creep strength was 12,500 psi. Although it 
is true that the creep rate is nearly three times as great in the case 
of the steel which showed a creep rate of 0.8 per cent, as com- 
pared with the one which showed 0.3 per cent, the difference in 
creep strength is by no means of this order as the values are but 
15,250 psi as against 17,400 psi. 

So many factors which affect the high-temperature properties 
of steel enter into its manufacture that it is not possible to draw 
conclusions from merely a few tests. It has been our experience 
that in general carbon-molybdenum steel possessing a Wid- 
manstatten type of structure shows better high-temperature 
properties than steels in which the pearlite areas are spheroid- 
ized. 

With reference to Mr. Krieg’s discussion, it is quite possible 
that a slight carbide precipitation or spheroidization would be 
found in the steel illustrated by Fig. 3, had it been examined at a 
magnification of 500 diameters rather than 100 diameters. 

Mr. Warren’s discussion is timely and interesting. His question 
as to whether or not it is possible to restore the life of a bolt by re- 
heat-treatment in case rupture has not actually developed is, of 
course, subject to a number of conditions. Provided the steel is 
restored to its original ductility and to its original Charpy value 
by reheat-treatment, there is no reason to assume that it is not 
in as acceptable condition as it was initially. 
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Notes on the Measurement of Cylinder Power 
of High-Speed Steam Passenger Loco- 
motives—Apparatus and Methods 


By L. K. BOTTERON,' OMAHA, NEB. 


The common practice of determining the indicated 
horsepower of steam locomotives by the use of mechanical 
indicators driven by a reducing motion attached to the 
crosshead has limitations for high-speed locomotives. A 
survey of engineering literature shows that mechanical, 
optical, and electrical indicators have been developed and 
are in use primarily for high-speed internal-combustion- 
engine testing, but it is doubtful if any of these types 
would be adaptable to locomotive road testing with the 
exception of the electrical. Due to the limitations of me- 
chanical indicators, the research and mechanical-stand- 
ards department of the Union Pacific Railroad Company 
for the last 2 years has used the heat-drop method for the 
measurement of indicated horsepower. 


TEAM locomotives now run for short periods at speeds in 
S excess of 100 mph. Speeds of 90 mph for sustained periods 

are not unusual. Running over a division at 75 mph, with 
the exception of the acceleration and deceleration periods in 
stopping, starting, and observing local speed restrictions, is 
common practice. At diameter speed, the driving wheel rotates 
at 336 rpm; high-speed passenger locomotives operate a con- 
siderable part of the time at higher than diameter speeds. Con- 
sidering the size of locomotive cylinders, the rotational speeds 
are high as compared with other reciprocating engines. 

The difficulties encountered in taking indicator cards on high- 
speed steam locomotives are many and it must be borne in mind 
that, compared with indicating stationary engines, the problems 
encountered are far more complex. Reducing motions are a 
constant source of trouble due to breaking and rapid wear as 
they must run unprotected from the weather. Due to roadway 
clearances and interferences of locomotive parts, it is often diffi- 
cult to apply any sort of a reducing motion. Common to all 
indicators driven with a reducing motion, the stretching of the 
indicator cord increases as the speed increases, the indicator- 
drum spring is hard to adjust correctly, and even the drum is a 
source for errors due to its inertia. L. Pendred, in an article (1)? 
on high-speed indicators, does not believe any reciprocating 
reducing motion is reliable above 500 rpm. In the case of steam 
locomotives, this limit more likely would be 300 rpm. Me- 
chanical indicators of simple and rugged construction for speeds 
up to 500 rpm are on the market but, if the indicator-drum motion 
does not proportionally follow the crosshead, the cards are of 
little or no value. 

Since reducing motions, cord stretch, and drum inertia are 
such a source of error, the thought arises that it might be better 


1 Engineer of Road Tests, Union Pacific Railroad Company. 
Mem. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Semi-Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tue 
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Note: Statements and opinions advanced in papers are to be 
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of the Society. 


to dispense with the reducing motion entirely and drive the drum 
at constant speed in one direction. In this case it would be neces- 
sary to apply an apparatus for marking crosshead dead centers 
on the card. Also, the drum speeds would have to be high as 
shown by the following example: 

A locomotive with 80-in-diam drivers, at a speed of 100 mph 
is making 420 rpm, which completes a cycle in 1/7; sec. To ob- 
tain cards 3 in. long, paper travel of 13/, fps would be required. 

The errors common to the mechanical indicator are well covered 
in technical literature (2). On the steam locomotive, all of the 
mechanical-indicator errors and troubles common to stationary 
work are encountered plus some additional ones. The most 
troublesome of these are the severe rapid vibrations of the front 
end of the locomotive at high speeds. Front-end vibration will 
in turn vibrate the entire indicator and especially disturb the 
pencil motion. Sticking pistons are common, due to highly 
superheated steam and bits of boiler scale and other foreign 
matter getting into the indicator cylinder. The operator labors 
under conditions which are not conducive to good work and, 
furthermore, there is the hazard of striking obstacles such as 
vehicles or animals. There is also the possibility of the locomotive 
meeting with an accident such as knocking out a cylinder head. 

Due to clearance limits, indicators usually cannot extend out 
beyond the width of the cylinders. This means that indicators 
cannot be connected directly into the cylinders. Instead, rela- 
tively long pipes must be used between the cylinder and the 
indicator in order to locate the instrument so that it is accessible 
to the operator and within clearance limits. The errors due to 
long pipes are very serious and at high speeds the events, as 
shown by the card, lag so far behind the actual events in the 
cylinder as to make the card valueless both as for the events and 
the mep (3). 

Mechanical indicators, developed primarily for internal-com- 
bustion-engine testing, offer possibilities for high-speed steam- 
locomotive testing, provided the drum is driven at constant speed 
and not by a reducing motion. However, the errors due to long 
pipes and locomotive vibration would still be present, and the 
operator would have to ride the front end. Pressure-time cards 
instead of pressure-volume cards would be obtained and, to de- 
termine the mep, it would be necessary to redraw the cards on a 
pressure-volume basis unless a special integrator were available. 

Optical indicators do not seem to offer any possibilities for 
locomotive road tests. They are essentially laboratory instru- 
ments and are not rugged enough to stand shocks and vibrations. 


ELEcTRICAL-T YPE INDICATOR 


The indicator which offers possibilities for determining the 
indicated horsepower of high-speed steam passenger locomotives 
is the electrical type, such as the Martin and Caris indicator (4), 
the indicator described by H. T. Sawyer (5), and the indicator 
advertised by the General Electric Company (6). With the 
electrical indicator, the only apparatus required on the loco- 
motive are the pressure-measuring heads, an electric dead-center 
marker, and wiring running back to the test car. The oscillo- 
graph, which is the recording instrument, would be carried on the 
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test car. The electrical indicator therefore possesses many in- 
herent advantages over other types. The pressure-measuring 
heads are attached directly to each head of each cylinder, thereby 
eliminating the error due to piping. Any number of cylinders 
can be indicated simultaneously. Reducing motion is not used. 
The operator is not required to ride the front end. 

Conditions which might interfere with the accuracy of the 
electrical indicator are the effects of vibration and temperature 
differences on the pressure-measuring heads. The electrical in- 
dicator makes only pressure-time cards, but with a special in- 
tegrator the mep of such cards may be directly determined. 


Heat-Drop MeEtHop or MEasuRING INDICATED HoRSEPOWER 


Due to the limitations of mechanical indicators and the 
hazard of men riding the front end, the research and mechanical- 
standards department of the Union Pacific has used the heat- 
drop method for determining the steam rates and indicated 
horsepower of high-speed steam passenger locomotives. The 
methods of Arthur Williams (7) have been followed and the re- 
sults obtained for high-speed work have been found to be reason- 
ably accurate. 

Briefly, the heat-drop method is based on the first law of 
thermodynamics. Thus in the case of the steam locomotive, the 
difference between the total heat in the steam to the cylinders 
and the steam exhausted from the cylinders is converted into 
mechanical work regardless of the processes which go on in the 
cylinder. The question has been raised as to the proper location 
of thermocouples for measuring exhaust-steam temperatures and 
it has been pointed out that the state of the steam during the 
exhaust period is variable (8). The most reasonable location 
for the exhaust-steam thermocouples is in the exhaust-nozzle 
stand, since the exhaust pressure at that point has the least 
pulsation and the steam has had time to mix. The heat content 
of the exhaust steam cannot change between the valve chamber 
and the exhaust stand except for the influence of radiation and 
kinetic energy. If these two items are corrected for and the 
pressure and the temperature of the exhaust steam are ac- 
curately determined in the exhaust stand, it seems that a reason- 
ably accurate determination might be made of the total energy. 

The heat-drop method determines the steam rate only. In 
order to calculate the indicated horsepower, it is necessary to 
know the steam to the engine as well as the steam rate. 

Knowing the pressure and temperature of the steam in the 
exhaust-nozzle stand, it is a simple matter to calculate the flow 
through the nozzle, provided the coefficient of discharge is known. 
Of course, all formulas for steam flow are based upon steady con- 
ditions and some doubt will arise as to whether the formulas hold 
true for locomotive conditions where the flow is pulsating. For 
low speeds, the pulsations are of such magnitude that the flow 
computed from the back pressure will be high. However, at 
high speeds, the exhausts are so frequent and the pressure 
fluctuations of such small magnitude that the gage will read an 
average pressure, accurate enough for calculating the flow. 

The exhaust-pressure gage should be piped up so as to have a 
constant hydrostatic head. This can be done by running a pipe 
vertically from the side of the nozzle stand through the smokebox 
and terminating the pipe within the clearance limits. At this 
point, a coil of copper pipe is connected into the vertical pipe and 
a pipe with a gradual drop is run from the coil to the gage in the 
cab. The vertical pipe should be 1 in. or larger to be self-drain- 
ing. Either a mercury manometer or a suitable Bourdon-tube 
gage may be used for indicating exhaust pressure in the cab. 

A potentiometer will be found to work very satisfactorily for 
the determination of the temperatures, if the galvanometer is 
removed from the instrument and attached to the data board 
which is held by the operator when taking readings. Arthur 
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Williams in his paper (7) illustrates and discusses such a mount- 
ing. During a test it is imperative to remove all auxiliary ex- 
hausts from the exhaust passages, as the exhaust steam from the 
auxiliaries is in a different state from the exhaust steam from 
theengines. Of course the exhaust-steam temperature taken in the 
exhaust stand must be the temperature of the exhaust steam from 
the engine only. Also by removing the auxiliary exhausts from 
the exhaust passages, the steam to the engines equals the steam 
through the nozzle in the case of locomotives equipped with live- 
steam injectors while, in the case of locomotives equipped with 
feedwater heaters, the steam to the engines equals the steam 
through the nozzle plus the steam condensed from the exhaust 
passages for feedwater heating. 

No definite data can be given which will cover the coefficients 
of discharge of locomotive-exhaust nozzles due to such a wide 
variety of nozzles being used. Each railroad would have to 
determine the characteristics of its own nozzle. In general, it 
will be found that for steady conditions round-hole nozzles with- 
out sharp edges or projections and having a smooth approach in 
the stand have coefficients of about 0.97 to 0.98 for their entire 
pressure range, while nozzles with complicated shapes and sharp 
edges have coefficients of 0.8 and lower at low back pressures 
with the coefficient increasing up to a maximum of about 0.93 
at 12 psi pressure. 

The author calculated the flow through the plain round-hole 
exhaust nozzle of Baldwin locomotive No. 60000, considering 
the flow adiabatic and using a coefficient of discharge of unity, 
but making no allowance for the velocity of the steam in the 
exhaust pipe (9). The calculated results, compared with the 
test-plant measurements, show that, for exhaust-pipe pressures 
from 9.1 to 19.8 psi, calculated flows are from 3.59 per cent too 
high to 3.42 per cent too low, with an average of 0.62 per cent 
too low. 


EQUIPMENT AND PROCEDURE FOR HEaAtT-Drop 


The equipment and procedure required for the use of the heat- 
drop method are simple. It is only necessary to measure steam- 
pipe and exhaust-stand pressures and temperatures accurately. 

The indicating potentiometer is a simple rugged instrument. 
If any wiring becomes broken, disconnected, or grounded, the 
potentiometer galvanometer cannot be balanced. Thus there is 
no possibility of false readings. Only one operator is required 
and by placing the potentiometer and pressure gages in the cab 
the operator is removed from the front end to a safer location. 
The heat-drop method has the advantage over all other methods 
as it determines both instantaneous steam rate and indicated 
horsepower. A set of readings can be worked up in about 20 min. 
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Discussion 


R. M. OsreRMANN.® The author has rendered a distinct serv- 
ice by expounding the advantages of the heat-drop method for 
determining the water rate of a locomotive. While the paper 
does not state in detail how the heat-drop method, as recom- 
mended by Mr. Arthur Williams, was checked by him in relation 
to the method of establishing water rates with an indicator, the 
writer submits that, in his opinion, the value of the heat-drop 
method, because of its simplicity, is outstanding for comparing 
the performance of a locomotive with and without certain modi- 
fications of design which affect the water rate. Many problems 
of this sort present themselves constantly to the railroads, 
and are frequently left unsolved because of the cost and in- 
convenience of making tests with indicators. To determine the 
influence of certain modifications in the design of a locomotive 
upon the drawbar pull and drawbar horsepower of a locomotive, 
which is only possible with dynamometer ears, is, of course, still 
more expensive. In this category the writer would include modi- 
fications in the setting of the valves, changes in steam pressures 
and steam temperatures, or other changes in both valve and eylin- 
der designs, steam pipes, and front-end arrangement. 

All these are matters which are being continually studied by 
the mechanical engineers of the railroads. However, many of 
them have not been given the facilities for testing out such 
changes, because of the cost and time involved in such tests. 
The heat-drop method of determining the water rate can be used 
on any locomotive in regular service. One man in a cab can 
make all necessary determinations of pressures and temperatures, 
and take many readings from which averages may be obtained. 

In tests of this kind, which can be conveniently carried out on 
one and the same locomotive, before and after the modification, 
it is less important that the amount of steam required per indi- 
cated horsepower-hour be determined with the utmost accuracy, 
than to determine correctly the degree of improvement, on a 
percentage basis, which has been effected by the modification 
under consideration. Even if it is assumed that the measuring 
of the temperatures and pressures during the determination of 
the heat drop involves certain errors, it is altogether probable 
that errors of the same magnitude will be involved when using 
the same test equipment and the same observer on the same 
locomotive after it has been modified. 


ArTHUR Wiiiiams.‘ This paper discusses the problems in- 
volved in determining the indicated horsepower of steam locomo- 
tives in a very complete and concise manner. Since 1935, a num- 
ber of tests have been run using the heat-drop method for deter- 
mining cylinder efficiency. Those conducted on the Union Pa- 
cific Railroad have been extremely complete. These tests and 
others all seem to favor the use of the heat-drop method for road 
tests of locomotives. In the last 5 years, no change has been 
made in the general method of making these determinations. 
There have been some refinements, designed to simplify the cal- 
culations. The exact formula for determining the steam rate 
in pounds per indicated horsepower-hour is 

2545 


H 
(H, — H2) — 50000 * 


Where S = steam rate, lb steam per ihp-hr 
H, = heat content of steam in steam pipe, Btu per lb 


’ Vice-President, Western Territory, The Superheater Company, 
Chicago, Ill. Mem. A.S.M.E. 

‘Manager, Production Engineering Division, The Superheater 
Company, East Chicago, Ind. Mem. A.S.M.E. 
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H, = heat content of exhaust steam, Btu per Ib 

V. = velocity of exhaust steam, fps. (Note that H, 
and V, are derived from same readings of pressure 
and temperature) 

R = radiation loss between points of measurement, 


Btu per lb 


The radiation loss can be calculated from the usual heat-trans- 
mission formulas for any given cylinder design. An approximate 
figure for the total radiation loss in Btu per hour can be obtained 
by multiplying 2400 by the cylinder diameter in inches. Divid- 
ing this by the weight of steam to the eylinders will give the ra- 
diation loss per pound of steam. The velocity V», can be caleu- 
lated knowing the steam flow, pressure, and temperature of the 
steam, and the cross-sectional area of the passage. 


5 


30000 40,000 


CORRECTION, 
BTU PER LB 


50,000 60,000 70,000 80,000 
STEAM TO CYLINDERS , PER HR 


90,000 100,000 


Fic. 1 Correction For Kinetic ENERGY CHANGE AND RADIATION 

To make these calculations for every reading should not be 
necessary. Fig. 1 of this discussion shows the correction for both 
kinetic energy and radiation for various rates of steam flow. 
These calculations were made for a modern steam locomotive 
which was tested by the heat-drop method. Nearly all of the 
tests conducted were in the range of 45,000 to 70,000 lb of steam 
per hr to the cylinders. By using an average correction of 7.8 
Btu per lb, the maximum error introduced was only 0.8 Btu and 
the average error practically negligible. To calculate the results 
in this manner was then simple. The heat content of the steam 
for the conditions observed at the exhaust was subtracted from 
the heat content in the steam pipe and the correction of 7.8 Btu 
subtracted from this figure. This gave the corrected heat drop, 
and dividing into 2545 gave the steam rate in pounds of steam per 
indicated horsepower-hour. 

This figure of 7.8 Btu per lb applies only to this particular case 
and is higher than would usually be found. This was due to 
measurement of the exhaust pressure and temperature at a point 
in the exhaust stand with relatively small area. 

To save time in interpolating the values in steam tables, it is 
convenient to plot heat content against steam temperature for 
various lines of constant steam pressure on a large scale for the 
range in which the tests are being conducted. 

In using the exhaust nozzle as a flow meter, it is important that 
accurate observations of exhaust pressure be made. The method 
described in the paper appears to be accurate and practical for 
locomotive use. The principle of using a condensing coil or reser- 
voir to obtain a constant hydrostatic head on a gage or manome- 
ter is used for industrial steam-flow meters, and is particularly 
important where low pressure drops are being observed. 

The statement is made that no deii..::e 14ta can be given which 
will cover the coefficients of discharge cf locomotive-exhaust 
nozzles. No doubt with proper publication of results the infor- 
mation on this will be increased as time goes on, and in the future 
it should be possible to have accessible sufficient data on this sub- 
ject to cover a wide range of conditions. 

While the heat-drop method is convenient for observations of 
over-all cylinder efficiency, studies of valve events and pressure 
conditions in the cylinder require some form of indicator. There- 
fore, it is important that improvement be made in indicating equip- 
ment so that accurate readings can be obtained at high speeds. 
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Train Acceleration and Braking 


By R. CLARK JONES,' CAMBRIDGE, MASS. 


This paper presents a direct analytical method for 
determining the equations of the motion of a steam 
train, either when it is being accelerated or when it is 
being braked. The following important relations are 
found: The relation between (a) speed and acceleration 
or deceleration; (6) speed and time; and (c) distance 
traveled and speed or time. The results obtained are 
compared with actual performance records. The author 
feels that, in some cases, an analytical method of the type 
presented in the paper compares favorably with numerical 
or graphical integration. 


HE method is based in part upon the well-known Davis 

formula, which states that the resistance encountered by a 

moving train may be represented quite accurately by 
means of an expression of the general form a + bV + cV?, that 
is, by a form quadratic in the velocity V. Detailed information 
and data for calculating the coefficients a, b, and c for modern 
types of passenger trains, in a form conveniently usable, is to be 
found in a paper by A. I. Totten (1).2. The gross tractive-effort- 
versus-speed curve of a steam locomotive can also be approxi- 
mated quite closely by a similar quadratic form in the velocity, 
with the following difference, however: The typical tractive- 
effort curve consists of a flat portion at low speeds, where the 
tractive effort is limited only by slipping or maximum boiler pres- 
sure, and of a falling curve at higher speeds, as in Fig. 1; the 
falling part of the curve can be represented quite well by a quad- 
ratic form. 

G. E. Terwilliger (2) and A. C. Barrow (3) are among those 
who have previously discussed the subject treated in this paper. 

The gross tractive effort may be calculated by the highly de- 
veloped methods of E. G. Young and C. P. Pei (4), or it may be 
estimated by other methods, such as Cole’s factors. It will 
usually be known, in any event. 

The decelerating force of a constant brake-shoe pressure also 
varies with the speed in such a way that it can be expressed fairly 
well by a quadratic form. 

We see, therefore, that it is always possible under the given 
conditions to represent the net accelerating force (positive or 
negative) on a train by an expression of the form a’ + b’V + 
c’V?, where a’, b’, and c’ are constants. By Newton’s third law, 
we then have 


dV 
A= at bV + cV? 
0.01090 
(a + + e’V*)...(I] 
where 
A = acceleration, mph per sec 
V = velocity, mph 
t = time, sec 
M = total weight of train, short tons 


1 Research Laboratory of Physics, Harvard University. 

Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Railroad Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., June 17-21, 1940, of THe 
American Socrery oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and where a’ + b’V + c’V? is the net accelerating force in 
pounds. 

We shall suppose then, that we have a way of obtaining the 
coefficients a, b, and c in Equation [1]. To obtain the desired 
equations of motion from Equation [1], it is necessary to integrate 
twice an equation of the form 

dV 


2 


where V itself is the first derivative of the distance in respect to 
the time. The problem before us, therefore, is the integration 
of Equation [2]. 

We shall assume that the speed and the distance z from some 
fixed point are given at the timet = f. Thus the initial conditions 
are 

Vv 


Voatt = bo 
att = 


The integration of Equation [2] is now straightforward, but is 
complicated by the fact that there are three distinct matiiematical 
cases (unless one uses a complex number representation). The 
three mutually exclusive cases are distinguished by the following 
criteria: 


Case 1 > i} The roots of 
a+bV+cV?=0 
2cVo+ 5b are real. 
‘ase | <1 
Case 2 | < 
Case 3 The roots of a + bV + cV? = O are not real, 


In the acceleration of trains, we always have to do with cases 
1 or 2; in fact, it will always be case 1 if the tractive effort versus 
speed curve is concave upward, as is usually the case. In the 
braking of trains, however, we may encounter all three cases. 
One should remember, of course, that our equations correspond 
to physical reality only for positive values of V; if we try to ex- 
tend our solutions of Equation [2] into a range of A, t, or 2, 
where V would be negative, the solution has no physical inter- 
pretation in this range. 

It is clear from Equation [2] that, if a limiting speed exists, it 
must be given by the condition dV/dt = 0. Indeed, the limiting 
speed is always the root 


Va 


where 


q = (b? — 4ac)'/* 


The converse of this proposition is not always true, because V 
as defined by Equation [4] may be negative, or g may be an 
imaginary number. 

The actual integration of Equation [2] for each of the three 
cases is carried out in the Appendix. We shall refer to the results 
there obtained in the next section. 


APPLICATION TO THE “HIAWATHA” 


In order to exemplify the use of these considerations, we shall 
apply them to a discussion of the acceleration of the Hiawatha, 
crack train of the Chicago, Milwaukee, St. Paul & Pacific Rail- 
road. This train runs daily between Chicago and St. Paul, a 
distance of 410 miles, in an average time of 6'/, hr. The regular 
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Fic. 2. CompuTED AND OBSERVED SPEED-D1sTaNCE RELATION OF 
THE 


train consists of 9 cars, engine, and tender, with a total weight 
of 1,409,400 Ib.* 

Through information courteously supplied to the author by the 
Milwaukee Railroad, and by reference to the paper (3) by A. I. 
Totten, a theoretical expression for the resistance of this train 
has been obtained. This expression for the train resistance is 


R, = 2610 + 21V + 0.56V2............. [5] 


The cylinder tractive effort was also supplied by the railroad, and 
is expressed graphically by the open circles in Fig. 1, whereas the 
solid line F; is the author’s quadratic approximation to these 
data. The equation for F; 


F, = 41,530 — 503V + 2.07V*........... 


was obtained by requiring that it have the correct value at 30 
mph and 100 mph, and that it have the correct slope at 100 mph. 
The quantity FP; — R: is the net accelerating force on the train, 
and then Equation [1] becomes 


= 0.601 — 0.00810 V + 0.00002335V2....... (7) 
whence 

a = 0.601 

b = —0,00810 

c = 0.00002335 

q = 0.00308 

Ve = 107.5 mph 


3 Reference is to the 1936 Hiawatha train, and not to that placed 
in service in 1938 


FEBRUARY, 1941 


Kquation {7} holds approximately for the range of speed from 
25 to 120 mph. For the range from zero to 25 mph, however, 
as we see by Fig. 1, the tractive effort is constant at the large 
value of 30,600 Ib. The resistance changes but little in this 
range, and so the net force is practically constant at 27,600 Ib. 
Since the mass of the train is 705 tons, the acceleration is 0.426 
mph per sec, if the net force is treated as constant. Then we have 


r= 0.000591 [10) 


for V less than 25 mph, by the ordinary laws of uniformly acceler- 
ated motion. From Equation [9], the time to reach 25 mph is 
59 sec, in which time the train goes 0.204 mile, by Equation [10). 
Thus at Vo = 25 mph, we have 


to = 59 sec 


0.204 mile 


ro 


These are the initial conditions for the range in which Equation 
{7| holds. 

For the latter range, we have (2cV» + 6)/q = —-2.251; there- 
fore, we are concerned with case 1. With the use of the values 
given with Equation [7], we obtain from Equations [Cla], (C10), 
and [Cle] of the Appendix 


t = 649 ctnh—! (2.63 — 0.01516 V) — 251..... {lla 
173.4 — 66.0 etnh (0.00154 ¢ + 0.386)... .. {11)} 


x = 0.0482¢ — 10.98 — 11.90 log, sinh (0.00154t + 0.386)... [1 


These equations, together with Equations {9] and [10], give all 
the essential information about the motion of the train. Part of 
this information is expressed graphically in Fig. 2, in which we 
find the speed-distance curve calculated from Equations [11]. 
In the same figure are plotted some actual performance data; 
the solid experimental curve was plotted through 50 closely 
spaced empirical points, whereas the single point represents a 
statement in a letter from C. H. Bilty, of the Milwaukee road: 
“T reeali that while riding one of the Hiawatha engines, I observed 
the acceleration from rest was 90 mph in 9 min within a distance 
of 9 miles.””. It would appear that the locomotive was being used 
at nearly its maximum capacity on this occasion. 

The fact that the maximum tractive effort is not used in prac- 
tice probably accounts for most of the discrepancy between the 
computed and observed behavior. A calculation of the type 
presented in this section should be performed on the basis of the 
tractive effort used in practice, rather than upon the basis of 
the maximum tractive effort. It is possible that the use of a con- 
stant fraction of the maximum tractive effort would be sufficiently 
accurate for this purpose. Equations [11] really represent what 
the motion of the Hiawatha would be if the engine were used at 
its maximum capacity during the entire acceleration. 

We find in Table 1 a more complete presentation of the com- 
putations the writer has performed on the basis of Equations [11). 
Most of the columns are self-explanatory. The stopping dis- 
tance and time have been computed on the basis of a constant 
deceleration of 0.8 mph per sec, a deceleration which checks very 
well with actual performance data which the writer has received 
from the Milwaukee road. The ‘‘time lost in stopping’ column 
gives the difference between the time ¢, and the time that would 
be required to go the distance z, at the velocity V. The last 
column shows the maximum average speed of which the Hiawatha 
would be capable if it were used as a local train between station- 
zx, miles apart, and remained 90 sec at each station. 

It may be shown that the quantity “time lost in stopping 
does not increase indefinitely as the train approaches its limiting 
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TABLE 1 COMPUTED OPERATING DATA OF THE “HIAWATHA” 
? Time to Stopping Stopping Total Total Time? lost Local? train 
Speed reach V, Distance, distance, time, distance, time, in stopping, average speed, 
V z, Zs, ts, m= 2+ 2s, te mt+ts, u, ave, 
mph min:sec miles miles min:sec miles min:sec min:sec mp 
12.5 0:30 0.05 0.03 0:16 0.08 0:46 0:17 2.06 
25 0:59 0.20 0.11 0:31 0.31 1:30 0:46 6.19 
45 1:56 0.79 0.35 0:56 1.14 2:52 1:21 15.7 
75 4:34 3.50 0.98 1:34 4.48 6:08 2:33 43.8 
90 7:24 7.43 1.41 1:52 8.84 9:16 3:22 49.2 
91 7:42 7.85 1.44 1:54 9.29 9:36 3:28 50.1 
100 11:37 14.11 1.74 2:05 15.85 13:42 4:12 62.5 
104 15:18 20.43 1.88 2:10 22.31 17:28 4:36 70.6 
105 17:16 23. 87 1.91 2:11 25.78 19:27 4:43 73.9 
This is simply the quantity —- 36002:/V. 


+ Length of stop assumed to be 90 sec, with stations z; miles apart. 


speed V.., but instead approaches a limiting value. The time 
lost may be broken into two parts, namely, that lost 4, during 
the time the train is being brought to rest, and that lost t, 


during the acceleration. The limiting values of t; and t are 


t V «wa/(A,) 


it 


(Vo/Ae) Vot/(2A.V w) + 2[@ + log, 2 sinh 
Q| | (b + q) 


where Ay is the constant deceleration used in stopping the train, 


then merely state the result for cases 2 and 3; the latter cases are 
exactly analogous. 

We shall integrate Equation [2] in two steps; by first inte- 
grating that equation as it stands, and then substituting dr/dé 
for V and integrating again. Thus we must first integrate 


dV 


There are three distinct integrals 


and A, is the constant acceleration obtained until the train +b 4+. {12a} 
reaches the intermediate speed Vo. For the case we have dis- q q 

cussed t; = 67 sec, = 246 sec, or the limiting ‘time lost in ‘ 2V +b 

stopping” is 313 sec = 5 min 13sec. The author feels it to be of (= ~ tanh-! ———— + constant... .... 12b} 
some interest that it is possible to express in so simple a manner q 

the maximum time that a train can lose because it makes a stop 2 2cV +b 

instead of proceeding at full speed. Suppose, for example, that {= tan~' ———— + constant.......... [12e} 
the train under discussion were required to make a stop on a P P 

part of the line which was usually traversed at 100 mph. By in- “here 

spection of Table 1 we see at once that the extra time required q = (b* — 4ac)'/? 

for this stop would be 4 min 12 sec, plus whatever length of p = (4ac — b%)'/: . 


time the train might remain in the station. But even if the 
table had not been computed, we know merely from the com- 
putation of 4, + & that the maximum time which the train could 
lose because of any stop is 5 min 13 sec, plus the length of the stop 
itself, 

For case 2, the square bracket in t should be replaced by 
\P + log 2 cosh P}. 

The weakness of the method herein presented lies in the fact 
that the constants a, 6, and ¢ are constants, and cannot vary with 
the time. It will not in general be possible, therefore, to apply 
our method to the braking of passenger trains, since the brake-shoe 
pressure is usually varied as the train loses speed and, indeed, in 
some of the recent trains, the brake-shoe pressure is automatically 
adjusted so as to secure a uniform deceleration. The method 
should be valuable in the case of freight-train braking, where the 
coeflicient of friction between shoe and wheel varies considerably 
as the speed changes. Even in this case, however, the necessarily 
gradual application of the brakes cannot be taken into considera- 
tion; in many cases the time required for the application of brakes 
will be small compared with the stopping time, so that the method 
may still give fairly accurate results. 


Kach of these expressions for ¢ is a solution of the differential 
Equation [2] and corresponds, respectively, to the three cases 
previously distinguished. 

We continue with case 1 only, that is, with Equation [12a}. 
Under the condition V = Vo when t = to, Equation [12a] be- 
comes 


2 2cVo + b 
+ 
q 


etnh~! etoh~! ..[Clal} 
q 


2cV + b 
q 


Solved for V, Equation [Cla] becomes 


1 t—t 
V= —b — qetnh 
2c 


j.....[Clb} 


where 


iad 
= 
| 
i] 
= 
> 


We note as a check that since 


The writer wishes to express his appreciation to C. H. Bilty lim 
of the Chicago, Milwaukee, St. Paul & Pacifie Railroad for oes etnh z = 1 
data on the Hiawatha, and to Professor J. H. Van Vleck of the . 
department of physics at Harvard University for his constant 
interest and valuable advice in the preparation of this paper. in b+q 
2c 
Appendix The second step consists in substituting 
The following will be devoted to the task of integrating Equa- 
tion {2}, with the boundary conditions of Equation [3], for each 3600 dx -Y 
of the three cases. We shall discuss case 1 in some detail, and di 
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where and braking curves given by the formula 
x = distance traveled, miles iV 
t = time, sec — OV 
V = speed, mph dt 


in Equation [C1b]. The factor 3600 is inserted because dx/dt 
is the velocity in miles per sec, whereas V isin mph. With this 
substitution, Equation [C1b] integrates to 


2c 
(t — to)q 


_Q 


+ log, sinh al] [Cle] 


1 
— — log, sinh 


where we have used the condition z = 2 when t = t. 

The explicit relation between z and V may be obtained by 
substituting Equation [Cla] in Equation [Clc]. The relation 
is cumbersome, however. 

By using the other expressions for ¢, namely, Equations [125] 
and [12c], we may obtain the corresponding relations for cases 2 


and 3: 
2 
V = atm _ 1020 
2c 2 
q 
1 (t —to)q 


1 
+ log, cosh P| . . [C2e] 


... [C3a] 


(t — to)p 
V -2/ b+ pan +8)... tom 


| 
log, cos + + log, cos ...[C8c] 
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Discussion 


B. S. Carn. The author’s method is based on acceleration 


4 Assistant Engineer, Locomotive Division, General Electric Com- 
pany, Erie, Pa. Mem. A.S.M.E. 


This method can be extended to have a power and practical 
convenience beyond that mentioned in the paper. It can be 
shown that one set of speed-time curves can be drawn, applicable 
to all motion covered by the author’s formula. This enables 
approximate calculations or checks to be made almost at a 
glance. These curves are particularly suitable for calculating 
motion over a profile containing variable grades and curvature. 

Then too, the author’s Equation [2] can be fitted to any trac- 
tive effort or braking curve by a particularly easy method which 
provides a graphic check on the accuracy of the fit. This is 
important because the fit determines whether or not the method 
is applicable. The writer has found some tractive-effort curves 
to which the formula is applicable and others to which it is not. 

To show that all curves covered by the formula are included in 
one set, multiply both sides of Equation [2] by c/b? and arrange 
the terms to give 


d(cV/b) (ac cV 


Then we can treat cV /b and bt as the variables and the equation 
contains only one parameter, ac/b?. 

By plotting cV/b against bt for different values of ac/b? we 
obtain, on one sheet, the complete graphical solution of the 
author’s equation. Similarly, if we use cx as a variable in place 
of z, we can plot cV /b against cx or bt against ex and ac/b? will 
be the only other parameter involved. 

As an example, Fig. 3 of this discussion shows a number of the 
curves satisfying Equation [13] of this discussion for various 
values of ac/b? which give different kinds of solutions. The 
application of these curves to motion over a variable profile 
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will be obvious, when it is considered that the effect of grade and 
curvature is to modify the constant term in the train-resistance 
formula, that is, they only modify the constant a. 

Thus, to calculate motion through a change in grade, we cal- 
culate ac/b? for each grade and, when the grade changes, we 
move from one master curve to another, keeping the same 
value of cV/b. Obviously, only differences in cx or bt are im- 
portant, the absolute values being arbitrary. 

Even where calculation is used in place of a master-curve 
sheet, there is often advantage in using the dimensionless quan- 
tities 

cV/b, bt, ex, and ac/b? 


They facilitate checking and comparison if nothing else. The 
author’s formula [12a], for example, becomes 


2 2 (cV/b) + 1 
bt = — - ctnh™! —— + constant....... [14] 
r r 
1/3 
ac 
where r = + | 1 4-— 


No doubt the author has considered it unnecessary to explain 
how to fit his formula to a tractive-effort curve, but it may be 
worth noting one useful method. In Fig. 4 of this discussion, 
the dotted curve 1 represents the tractive effort of a certain 
locomotive plotted against speed. To fit a curve which has the 
same values at A and B and the same slope at A, draw the 
tangent AC, the vertical line BE, and the horizontal line AD. 
Then, for the fitted curve, having the form 


FORCE 
IN TONS 
80 

70 
cot 


50 | \ + 


20 AS 


0 10 20 50 60 
SPEED IN M.P.H. 


Fie. 4 Meruop or Firtinc Equation [2] to Tractive-EFrrort 
CuRVE 


Force = a + OB + cV? 


Foree = ED — (V — Va) + (V — Va)? 
In Fig. 4 
49.5 
Force = 15 — ry (V — 60) + 7° (V — 60)? 


108 — 2.796V + 0.0206V? 


As a check, bisect the tangent AC at # and join BE. ‘Suen, 
from the properties of a parabola, BE is a tangent at B and 
the curve can be readily drawn by dividing BE and EA into the 
same number of equal parts, and joining corresponding parts, 
such as B’E’. These lines are all tangent to the curve. This 
gives curve 2 for the fitted curve and it is apparent that the 
author’s method of fitting will not apply to the particular curve 
in Fig. 4. This illustrates the importance of checking the fit in 
each case as it arises in practice. 

It may be worth noting that tractive-effort or braking curves 
which are not readily represented by expressions of the form 
a+ bV + cV? can usually be represented very accurately by the 
form 


k 
+a+ bV + cV? 
The resulting equations can be integrated without difficulty 
and calculations made on similar lines to those in the paper. The 
integrals involve the roots of the equation 


k+aV + cV#=0 
which ean be reduced to the form 
+1) =0 


the roots of which are obtainable from a master curve of C plotted 
against Z. 

The writer has also examined tractive-effort and braking 
curves of the form 


k 
+ a + bV 


This expression fits many curves very well and it can also be 
fitted to the Davis train-resistance curves very closely except at 
low speeds. The curve is fitted by plotting the product of speed 
and acceleration against speed and then fitting the curve 


k + aV + bY? 


to it by the simple method previously given. 

The dimensionless coordinates to use are bV/a, bt and b2x/a 
and the single parameter is bk/a?. 

In this way there is only one set of curves to draw, but the co- 
ordinates are affected by the profile so that calculations on a 
variable profile are more laborious. 


bk. E. Kimpatut. Many attempts have been made to develop 
direct analytical methods for determining train performance 
but this is the first time to the writer’s knowledge that anyone 
has succeeded in obtaining a mathematical solution. 

Unfortunately, the solution is not a simple one and for this 
reason the analytical method may not receive widespread at- 
tention, but it has possibilities which should not be overlooked. 
A few comments regarding its practicability may, therefore, be 
in order. 

In some respects, it is much shorter than the usual step-by- 
step method; when applied to the same data, both methods give 
practically the same results. 

The final equations are not difficult to handle, but considerable 
difficulty is experienced in substituting numerical values in the 
basic formulas from which they are derived. Undoubtedly the 
author has some helpful hints for arranging the calculations so 
as to save time and avoid errors. Facsimiles of his forms or 


6’ Chairman Subcommittee 1, Committee on Economics of Railway 
Location and Operation, American Railway Engineering Association, 
Schenectady, N. Y. 
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TABLE 2 DATA FOR OBTAINING NORMAL HORSEPOWER CAPACITIES OF W = 
TYPICAL STEAM LOCOMOTIVES FROM WEIGHT OF ENGINE AND WEIGHT on 


ON DRIVERS BASED ON COAL-FIRED LOCOMOTIVES 


K = 37.1 (from table) 


V, = 14.7 


Weight Weight 
on Drivers HP Types of on Drivers HP Types of Cyl TE = 44940 — 648 V + 2.94 V? 
Per cent Per Per cent Per OF 
Wt. of| Ton Locomotives Wt. of | Ton Locomotives 
wt, of| Eng. &| on Wt. off Eng. &| on 35000 Ib, corresponding to Vy = 
Eng. | Tender |Drivers available Eng. | Tender |Drivers Available 16.6 mph 
41 40.6 | 28.2 |2-10-4/2-8-2 ‘ 
Table 2 of this discussion shows the performances 
43. | 24.0 | 40.0 |4-4-4 73. | 42.0 | 27.4 2-8-2 or normal horsepower capacities of typical steam 
24.6 | 359.6 | 4-4-4 74 26.9 |2-10-2|2-8-2 locomotives of modern design. It is assumed theo- 
45 | 25.2 | 39.2 | 4-4-4 75 | 43. 26.5 |2-10-2|2-8-2 
aT 76 1 45.8 1 retically that the maximum capacities are per 
47 | 26.4 | 38.3 [4-4-4 77 | 44.4 | 25.7 [2-10-2[2-6-2 cent greater than the normal capacities but, in 
S01 26.2 | 37.1 144-2 eo 1 46.2 1 24.4 1201022 the boiler capacity. For this reason no attempt 
Si | 28.6 | 36.6 |4-4-2 81 | 46.8 | 24.0 [2-10-2 has been made to derive quadratic equations based 
Se | 29.4 | 36.2 |4-4-2 | 4-6-4 62 | 47.4 | 25.6 |e-10-2 
upon the maximum capacity of steam locomotives. 
$4 | 30.6 | 35.4 [4-4-2 | 4-6-4 64 | 48.6 | 22.7 |2-10-2 As a matter of record, attention should be called 
S_ 31.2 | 34.9 85 0-10-23] to the fact that the paper makes no allowance for 
| 31.6 | 34.5 |4-4-2 | 4-6-4 66 | 49. 1.9 
7 1 30.4 | 34.1 142422 1426-4 14-86-41 67 | 50.4] 21.5 the force required to accelerate the revolving parts 
56 | 33.0 | 33.7 |4-6-2 4-6-4] 68 | 51.0 | 21.1 2-6-0 in addition to that required for the train. It is 
customary to add about 5 per cent for this purpose; 
1 34.8 3.4 4-6-2 |2-8-4 [4-8-4] 91 2.8 1 19.8 hence the constant 0.0109 in Equation [1] should be 
62 | 35.4 | 32.0 |4-6-2 |2-6-4 |4-6-4| 92 | 53.6 | 19.4 |2-10-0|2-6-0 0.0104. 
63 | 36.0 | 31.6 |4-6-2 |2-6-4 |4-6-4| 95 | 54.0 | 18.9 |2-10-0|2-6-0 
1 14-62 1826-6 146-4] 00 1 1 16,8 Likewise an allowance of 20 Ib per ton on drivers 
65 | 37.2 | 30.7 [4-6-2 |2-8-4 [4-6-2| 95 | 55.2 | 16.1 for the losses in the engine between the cylinders 
66_| 37.8 | 30.3 cet and driving axles should be added to the train re- 
67 | 38.4 | 29.9 |2-10-4/2- -8- ° 
130.0 | 29.5 1210-4 87.0 16.8 sistance when the calculations are based on cyl- 
69 | 39.6 | 29.1 |2-10-4| 2-8-2 |4-6-2| 99 | 57.6 | 16.4 inder tractive effort. 
If these adjustments are made in the example 
4 cylinder Articulated Locomotives used in the paper, it will be found that the agree- 
- ments between the calculated and observed perform- 
67 T 79 | 49.0 2 
ances are closer than claimed by the author. 
69 | 45.0 | 25.3 | 4-6¢6-4 | 2-646-4 | 61 | 50.1 | 21.7 2-648-4 
| 45.4 | 25.0 | 4-646-4 | 2-646-4 | 62 | 50.5 | 21.4 2-6+8-4 
81,0 | | A. W. So many variables are met with 
72 46.2 | 24.4 2-646-4 | 64 | 51.4 | 20.6 c-646-4 in dealing with all subjects pertaining to railway- 
46.7 | 24.1 2£-646-4 train operation that it is seldom possible to group 
74 | 47.1 | 23.8 2-646-4 ~648- -6+6- 
| 260624 | 87 1 52.6 | 19,9 | effect of all these variables and write a single 
76 | 48.0 | 23.2 2-646-4 | 68 | 53.0 | 19.6 2-8+6-2 | pression which will reasonably describe train move- 
77 | 46.4 | 22.9 | 2-648-4 69 | 53.4 | 19.3 2-846-2 
ment on a time or distance basis. The author ha: 
76 | 48.6 | 22.6 | 2-648-4 90 | 53.9 | 19.0 


Compiled 1937 by AREA Committees XVI and XXxI 


work sheets would largely remove one of the chief handicaps of 
the method. 

In regard to the characteristics of steam locomotives, the 
author may be interested to note that the empirical formula,® 
developed by the Committee on Economics of Railway Location 
and Operation, can be closely approximated by the quadratic 
equation 

Cylinder tractive effort = W(642 — 136U + 9.07U%) 


Where W = weight on drivers in tons (2000 lb) 


U = V/V, 
V = miles per hour 
Vi = 0.396 K 
K = Normal horsepower per ton on drivers obtained 
from Table 2 or from design 
Vo = 1.125 V; 
Thus for a typical Hiawatha locomotive, type 4-4-2 (140 
/280/530)" 


* “Economics of Railway Location and Operation,” Report of Com- 
mittee 16, Appendix A, Proceedings American Railway Engineering 
Association, vol. 39, 1938, pp. 440-472; vol. 40, 1939, pp. 84-122. 

7 Figures in parentheses indicate weight on drivers/weight of 
engine/weight of engine and tender, in 1000-lb units. 


attempted such a process and his analyses of train- 
acceleration factors, knowing train consist and lo- 
comotive capacity, can be credited as much more 
than a classroom exercise in the mathematical treatment of « 
very real railway problem, based upon the road performance 
of a single locomotive class. The author assumes that the de- 
crease in tractive effort of a locomotive with increasing speed 
can be expressed in definite quadratic form. Similarly, employ- 
ing the Totten modifications of the Davis train-resistance 
formula, the inherent train resistances also can be expressed in 
quadratic form, the difference between tractive effort and train 
resistance at any point representing net accelerating force. The 
composite expression is then capable of being integrated on either 
a time or distance basis. In fact, all time and distance calcula- 
tions are constituted of some application of this process, but 
generally take the form of a step-by-step procedure which, 
although less direct, once the more complex equations of the 
author have been written and solved for the specific ‘ease, offers 
the advantage of progressive determination through  inter- 
mediate phases of the analyzed performance. 

Whether or not the author’s procedure is accurate and appro- 
priate resides in the ability to write a true quadratic expression 
for locomotive tractive effort as a function of speed. This has 
been checked by attempting to write similar expressions for three 


® General Mechanical Engineer, Research, The New York Air 
‘Brake Company, Watertown, N. Y. Mem. A.S.M.E. 
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additional locomotives for which dynamometer or testing- 
plant performance data are available. This has verified the 
propriety of the author’s assumption; the quadratic expressions 
follow closely the test results in every case, with locomotive traec- 
tive effort holding up somewhat better than the quadratic ex- 
pression indicates at high speeds beyond the point of horsepower 
peak. 

Despite the author’s statement of conditions and exceptions, 
the application of the method to train braking seems to be in 
nowise justified. This is for the reason that it is impossible to 
write the necessary quadratic expression which properly will 
describe the change in braking force as a function of speed. 
During stops from high speed with cold brake shoes bearing upon 
cold wheel treads a high initial retarding force ordinarily is ob- 
tained which decreases slightly as the stop progresses. There 
follows a relatively constant retarding force which continues 
until a speed of 25 to 35 mph is attained; the net retarding 
force then increasing without interruption to the stop if a con- 
stant brake-shoe pressure is maintained. No single quadratic 
expression can be written for a curve of this character and the 
curve is characteristic of all which are witnessed in conventional 
brake performance. 


1. Oparowsk1.® The author has successfully applied analytical 
methods where graphical methods have generally been preferred. 
The writer has been interested in problems closely related to 
that solved by the author.’° In practical calculations, it often 
happens that during short intervals of time the coefficients 
a,b,c in Equation [2] have special values due to short changes of 
gradients, to curves, or to changes of the course of the train. 
If the time intervals here involved are sufficiently small, the 
formulas for speed and distance may be simplified to a great 
extent. If V = Vo, x2 = 29 when t = 0, the integral of Equation 
{2] may be written in the form 


V = (Vo + AT)/(1 — BT).... 


where 


1 
A= -bVo, B 
0 


and T = 2p~! tan (pt/2) or T = 2q7' tanh (qt/2) according to 
whether p or q is real. If t is small, tan (pt/2) ~pt/2 and tanh 
(qt /2) =qt/2, so that. T and Equation [15] becomes 


V = (Vo + Ad)/(1 — Be)............. {17} 
From Equation [17] we have by integration 
x [At + + Vo) loge (1 — Bt)]/B.... [18] 


Here again for small values of ¢ the formula loge(l + z) 2z 
/(2 + z) may be used, so that Equation [18] becomes 


Igo + + At)/(2—Bt)........... 


The speed-distance relation plotted in the upper curve Fig. 
2 of the paper may be expressed by a formula. In fact, Equation 
[2| is equivalent to 


V.aV /de = + BV + [20] 
and the integral of this is 


a+ bV + cV? b 
— loge —-—(r—7).... [21 


* Instructor in Mathematics and Mechanics, University of Min- 
nesota, Minneapolis, Minn. Mem. A.S.M.E. 

‘Ta perdita di velocita’ delle automotrici ferroviarie,” by I. 
Opatowski, Politecnico, 1936, pp. 22-25. 


where = tan~!(b + 2cV)/p or r = —q tanh ! 
+ 2cV) /q, according to whether p or q is real, and 79 is the value of 
r for V = Vo. Equation [21] is an exact formula which could 
also be obtained by eliminating ¢ in Equation [15] and in (Ce). 
For small values of ¢ an approximate relation between V and z 
is deduced from Equations [17] and [19] 


A(Vo + V) + 2BVoV 


——.. {22} 
B(V>o + V) + 24 


r= 


To illustrate the use of these formulas refer to the data of 
Table 1 of the paper for Vo = 25 and V = 45 mph. The coef- 
ficients of Equation [7] give g = 11.082 h '. The time is here 
t = 1 min 56 see — 59 see — 57/3600 h, so that gt/2 = 0.08773. 
Since tanh 0.09 = 0.0898, the approximation tanh (1/2qt) ~ '/2qt is 
here permissible and Equation [17] gives V = 44.7 against the 
round value of 45 mph in Table 1. Here, Bt = —O.19712 and 
since logel.2 = 0.1823, whereas 2 X 1.2/(2 + 1.2) = 0.1818, 
the approximation introduced in Equation [18] is also permis- 
sible. Since z = 0.2 m, either Equation [19] or [22] gives z = 
0.77 against 0.79 m of Table 1. If we try to go further with our 
approximations by neglecting Bt in Equations [17] and [19} 
against 1 and 2, we obtain: V — Vo = Al, x = 2%.+ t(Vo + 
At/2). Combining these two equations we get r = to + (V+ 
V,)/2, e.g., the same x as if the motion were uniform during ¢ 
with a velocity equal to the arithmetical mean of its initial and 
final value. Equations [17], [19], and [22] may be also looked 
upon as involving during ¢ a substitution of the acceleration law 
Equation [2] by a simpler one 


dV /dt =a, or dV/dt = a + ¢,V?..... 


where a, = a — cV,?, b} = b + 2cVo; az = a + '/2bVe, 
b 
=c+! ay In fact, by Equations [16] A and B have for 


0 

Equation [20] the same values as for Equations [23], so that by 
Equations |17}, [19], and [22] the motion is the same during ¢ in 
all three cases. 

As the author pointed out, the applicability of his method is 
dependent upon the possibility of expressing the acceleration in 
a form Equation [2], where a, b, ¢ are constant coefficients, at 
least for sufficiently large intervals of time. Therefore, it is 
important to be able to ascertain for a given train that this 
acceleration law Equation [2] holds and to determine the coef- 
ficients a, b, c from test runs. Such runs usually provide a set 
of values (x, V, t) and either Equation [17] or [19] enables one 
to evaluate a, b, c. The calculations are particularly simple if 
Equation [17] is used which leads to the formulas 


= (8; — 8)/(21), = —2(Vie + a = (10)/t 
— (Vo + Vi)b/2— VoVic......... [24] 


where (20)s; = (10)/t; — (21)/t, (31)s2 = (21)/t. — (32) /ts. 
In these equations Vo, Vi, V2, V3 are four values of the ve- 
locity, 4; is the time elapsed between Vi and Vi-—,, (ij) = 
V; — V;. The application of Equation [24] does not require 
any measurement of distance x. It is important however that 
the time intervals t; be not too small, otherwise the errors in 
calculating a, b, c may be so large as to deprive Equation [24} 
of any practical value. According to data kindly submitted to 
the writer by the author and by C. H. Bilty, during the 
test represented by the lower graph Fig. 2 of the paper, the 
speed increment V — Vo over a distance of 500 ft varied from 
=~3 to '/. mph, whereas, the corresponding time ¢ was decreasing 
from 0.2 to 0.1 min, respectively. Assuming as an approxi- 
mate value of c that of Equation [7] ~0.1 h~! it is easy to cal- 


[23} 
= — + cVe......... [16] 
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culate from the first Equation [24] the error 5c of c involved by 
errors!! of t 


bc/c =2D.5l2/ts — D.bt3/ts 


where, for the foregoing values of V — Vo and ¢, D varies 
between ~1000 and ~12,000. This means a prohibitive value 

of the error due to an inexact knowledge of the time. The 

situation is entirely different for larger values of ¢. For instance 
for ¢ ~ 2 min, which is approximately one third of the total 
time elapsed during the test Fig. 2, we have Vo = 0, Vi = 40, 
7, = 60, Vs; ~ 70 mph, so that 


bc/c — 10.5t:/t, — 5.6t3/ts. (25] 


The approximation tanh (qt/2)~qt/2, which is implicitly con- 
tained in Equation [24], is equivalent, by Equations [15] and 
{17], to the use of slightly higher values of ¢ than the actual ones, 
because tanh x < x. Fort = 2 min, gt/2 ~ 0.18 and the approxi- 
mation tanh 0.18 ~ 0.18 instead of its exact value 0.1781 is 
still very good. But even if this difference were larger it could 
not give an appreciable error éc of c, because in Equation [25] 
all 5¢ are here of the same order of magnitude and all have the 
same sign. 

This method was applied by the writer, some years ago, for 
the determination of automobile resistance, which is assumed 
usually in the form a + cV%. Obviously, the calculations must 
be carried out for a certain number of different sets of (Vo, V1, 
V2, Vs) and (th, te, t3) in order to obtain sufficiently exact values 
of the coefficients. 

Another method for the determination of a, b, c in the accelera- 
tion formula is obtained as a generalization of a method applied 
by S. Hoerner!? for the determination of automobile resistance. 
The differentiation of Equation [20] with respect to V gives 
d(VV’)/dV = b + 2cV, where V’ = dV/dz. From the speed- 
distance curve Fig. 2, d(VV’)/dV may be numerically or graphi- 
cally evaluated; plotted against V it gives a straight line, whose 
slope and point of intersection with the V-axis give c and b. If 
the acceleration law Equation [20] is correct, the difference 
VV’ — bV — cV? is a constant = a. The writer applied this 
method to the lower graph Fig. 2 with a negative result, which 
proves, in agreement with a remark of the author, that the 
tractive force actually used was different from the maximum 
available. 

AutTHor’s CLOSURE 


At the request of the editor the paper which the author origi- 
nally submitted on this subject was revised and condensed con- 
siderably. In so doing, it was necessary to omit such material 
as discussion of the methods of fitting quadratic forms to em- 
pirical curves; discussion of the various singular cases; an 
explanation of how the method is to be applied to the braking of 
trains; and certain asymptotic approximations. 

The extension proposed by Mr. Cain, involving the use of di- 
mensionless variables, is an important one, and the author 
agrees that the utility of the method is thereby greatly in- 
creased, once the necessary curves have been plotted or tabu- 
lated. 

Let us examine the procedure suggested by Mr. Cain in greater 
detail. We introduce the dimensionless quantities 


= 3600czxr 
V’ =cV/b 


11 For the method of calculating errors here applied see, for in- 
stance, ‘‘Calculus,” by H. H. Dalaker, third edition, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1935, p. 195. 

12 ‘Bestimmung des Luftwiderstandes von Kraftfahrzeugen im 
Auslaufverfahren,”’ by S. Hoerner, Zeit. V.D.I., vol. 79, 1935, pp. 
1028-1033. 
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For any given case, the primed quantities are simply constant 
multiples of the unprimed quantities. In terms of the primed 
quantities, the fundamental Equation [2] may now be written 

dV’ dV’ 
where a is an abbreviation for ac/b*. 

For the four cases distinguished by 


Casel 4a <1 |(2Vo’ + 1)/r| > 1 
Case2 4a <1 |(2Vo’ + 1)/r| < 1 
Case3 4a > 1 
Case4 4a = 1 


of which the first three correspond to those already distinguished, 
we find upon integrating Equation [27] with respect to t’ 


2 2Vv'+1 
3 ctnh7? + constant....... [28a] 
r 
2 2V'+1 
t’ = — - tanh"! + constant....... [28)] 
if r 
2 2v’'+1 
t’ = — tan~' ————- + constant........... [28c] 
8 
t’ : + constant [28d] 
2V'+ 1 
where 
r =@q/b = (1 — 4a)'/? 
and [29 


s = p/b = (4a — 1)” | 


Similarly the integration with respect to 2’ yields 


zr’ = lone la+ V4 etnh7! + constant [30a] 
= low. la V+ + constant [30b] 
= loge la+V'+ — : + constant [30c] 
x’ = loge |2V’ + 1| + + 


+1 


Mr. Cain proposes that Equations [28] be plotted for a large 
number of values of a, similarly for Equations [30]. One would 
then be able to solve any acceleration or braking problem which 
could be formulated in terms of Equation [2], without further 
recourse to the analytical expressions. Fig. 3 is, of course, 
offered only as an illustration; it does not contain sufficient 
curves, neither is it drawn on a sufficiently large scale to be ex- 
tremely useful in practice. 

Before undertaking a comprehensive construction of the 
curves contained in Equations [28] and [30], it would be best 
to make a study of what range of values of @ is of practical in- 
terest, and also what corresponding ranges of 2’, t’, and V’ are of 
interest. It is improbable that it would be desirable to construct 
all of the curves on the same scale, and it is also improbable 
that it would be advisable to choose the constants of integration 
so that nearly all of the curves pass through the origin, because 
of the consequent confusion of curves near the origin. 

It is evident that, since only positive values of V have physical 
significance, only the upper half, or only the lower half of Fig. 3 
will be useful, depending upon whether c/b is positive or nega- 
tive. Similarly, time will increase to the right when b is positive, 
and to the left when b is negative. For example, in the case 
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represented by Equation [7], where both c/b and b are negative, 
it is necessary to turn Fig. 3 upside down in order to obtain an 
ordinary plot of the speed versus time. 

In using Fig. 3, or the corresponding plot of V’ versus z’, 
it is necessary to remember that the origin of z’ and t’ is arbi- 
trary, whereas, the origin of V’ is not. In practice, this means 
that only changes in the values of x’ and 0t’ are significant, and 
that the actual values of x’ and t’ obtained from the plots are 
without significance. An illustration in the form of a hypothetical 
example may serve to clarify this situation. 

Let us assume that in a given case the constants a, b, and c 
have been evaluated, and that they are all positive, with ac/b? = 
1/8. Suppose further that the initial value of the velocity Vo 
corresponds to Vo’ = 0.25. By inspection of the upper half of 
Fig. 3, we see that with @ = 1/8 this value of V’ corresponds to 
t’ = 1.1. We shall now assume that the grade remains the same 
until a time has elapsed corresponding to an increase of 0.6 in 
t’. From the plot we see that t’ = 1.7 corresponds to V’ = 0.8. 
At this point, we shall suppose that the train encounters a de- 
scending grade which doubles the value of a, so that a changes 
from 1/8 to 1/4. This change does not affect the relations in 
Equation [26] but it does mean that the change must be made 
from one curve to another. The new initial value V’ = 0.8 
corresponds on the a = 1/4 curve to t’ = 1.2 and times which 
elapse after the change of grade should be reckoned with t’ = 
1.2 as the zero of elapsed time. 

It will be noted that the graphical method automatically takes 
‘are of the constant of integration. The constant is effectively 
evaluated by measuring t’ in each case from the point on the 
curve corresponding to the initial value of V’. 

The plot of V’ versus z’ would be used in an exactly similar 
manner. Used together, the two plots can be made to yield a 
complete description of the motion of the train. As Mr. Cain 
suggests, it would be possible to replace both Fig. 3 and the plot 
of V’ versus x’ by a single family of curves of x’ versus t’.. Such 
a family of curves would be more difficult to use, however, since 
the velocity would appezer in the curves only through the fact 
that it would be proportional to the slope. The slope would thus 
have to be marked at frequent intervals on the curve in order that 
one might be able to introduce the initial conditions. 

The singular cases b = 0 and c = 0 cannot be treated in the 
foregoing manner, because Equations [26] become meaningless. 
When 6 = O new dimensionless quantities may be introduced, 
and two curves will suffice to treat every case. Correspondingly, 
when ¢ = 0 one curve will suffice. 

The particular method of fitting by which Equation [6] was ob- 
tained was employed not because it afforded the most accurate 
fit (it does not), but because at the time the writer was primarily 
interested in obtaining analytical expressions for the maximum 
time which could be lost in making a stop. For this purpose, it is 
important that the slope be accurate for values of V near the 
limiting velocity. The task of fitting quadratic forms to empiri- 
cal curves is largely a matter of trial and error and, as Messrs. B.S. 
Cain and A. 8. Laird remark, it may sometimes be impossible to 
find a good fit. In this case, it is necessary either to use a differ- 
ent type of approximation, such as the one suggested involving 
cube roots, or to split the range of V into several parts, with a 
different quadratic form for each part. The latter is often the 
‘asier procedure. 

As remarked by Mr. Laird, it is usually not possible to fit a 
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braking curve by a single quadratic form. It is frequently 
possible, however, to find a good fit except at very low fre- 
quencies with two quadratic forms, each holding in a different 
range of velocities. 

The use of a quadratic form as an approximation to the ac- 
celerating force may be looked upon as a generalization of the 
step-by-step method. In the step-by-step method, the range of 
velocity is divided into a large number of subintervals, in each 
of which the acceleration is regarded as constant. The next ap- 
proximation would consist in assuming that the acceleration was 
given by an expression of the form a + bV. The third approxi- 
mation, from this point of view, consists in approximating the 
accelerating foree by a quadratic form. The advantage of the 
third approximation is that a single quadratic form will often 
suffice for the entire range of velocities in question, and the sub- 
division of the total interval into two parts is nearly always 
sufficient. 

The ideal method of computing the behavior of trains running 
over a variable profile is probably the use of a differential analyzer, 
which performs the integration of the acceleration equation me- 
chanically, as described by F. Cuypers,'? T. F. Perkinson,' 
D. R. Hartree and J. Ingham," and others. The advantages of 
this method are several: 

(a) The exact experimental data on the resistance and tractive 
effort may be used without approximation. 

(b) The entire run of a train may usually be computed in a 
time approximately equal to that required by the train to make 
the run. In the paper by Hartree and Ingham, which may have 
escaped the notice it deserved because of its obscure place of pub- 
lication (from an engineer’s point of view), the authors describe a 
remarkable run of the Macunian, in which the train required 67.5 
min to make the run of 82.5 miles from Rugby to London, 
whereas, the machine required 75 min to obtain the speed-dis- 
tance curve. 

(c) Speed restrictions are more easily taken into account 
than with the analytical method. 


Unfortunately, differential analyzers are rarely available and 
are costly instruments. They are usually in demand for other 
problems which cannot be treated at all by analytical methods. 
It would therefore seem that analytical methods of the type sug- 
gested here are of some practical use. 

The work reported in this paper was performed 4 years ago 
while the author was an undergraduate in Harvard College. 
Since that time, his interest has shifted to other fields and the 
pressure of these interests will prevent his carrying out the 
implications of the material presented in the discussion. He 
therefore hopes that the possibilities of the analytical methods 
will be explored further by those in a position to do so. 

The author wishes again to express his gratitude to Professor 
J. H. Van Vleck for his interest and helpful advice. 


13*Machine for Calculating Running Times,’ by F. Cuypers, 
Bulletin of the International Railway Congress Association, July, 
1936, pp. 699-705. 

14 Machine for the Calculation of Train Performance Data,”’ 
by T. F. Perkinson, General Electric Review, vol. 40, 1937, pp. 574- 
583. 

15 ‘Note on the Application of the Differential Analyzer to the 
Calculation of Train Running Times,” by D. R. Hartree and J. 
Ingham, Memoirs and Proceedings of the Manchester Literary and 
Philosophical Society, Manchester, England, November, 1938, pp. 
1-15. 
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Thermodynamic Properties of Vapors 


By ERICH F. LEIB,2 NEW YORK, N. Y. 


By introducing new properties of state and an ideal sys- 
tem, that is, a perfect vapor, the representation of the 
thermodynamic properties of vapors is simplified. The 
field of state reduces to one curve of state which requires 
in the experimental investigation of vapors only as many 
measurements as are necessary for the determination of 
this curve. The equations of state are found more easily, 
the calculations required to determine the vapor tables 
are reduced, and a simple formula for the external work is 
found. An analytic investigation of the equilibrium of a 
liquid with its vapor shows how the vapor-pressure curve 
can be found from the equation of state. 


HERE are essentially three ways to investigate the proper- 

ties of thermodynamic systems. In the first case, the proper- 

ties are derived from experiments made with real substances. 
In the second case, the properties are determined from a molecular 
theory, on which the system is based. In the third case, the 
properties are deducted from a definition, by which an ideal 
system is created. This paper will use the latter way to introduce 
an ideal system, the qualities of which are in good agreement with 
the qualities of actual vapors. Reliable tables and equations of 
state for vapors can be established on the basis of such a system 
even if only a few experimental data are available. The applica- 
tion of this method to several substances will be demonstrated 
by examples. 


NOMENCLATURE 
The following symbols are used in this paper: 


pressure 
volume 


internal energy 


h = enthalpy 
s = entropy 
T = absolute temperature 
4,7, ¢,€ = elementary properties of state 
f = number of degrees of freedom 
c, = specific heat at constant volume 
cp = specifie heat at constant pressure 
A = isothermal work 
L = adiabatie work 
R = gas constant 
v = characteristic function 
® = characteristic temperature 
G = thermodynamic potential 
g,%,@ = functions of equilibrium 
a,b = constants of equation of state 
zr, y,2 = functions of state 
auxiliary functions 


a, w 


' Thesis presented before the faculty of mechanical engineering of 
the Swiss Federal Institute of Technology, Zurich, Switzerland, in 
partial fulfillment of the requirements for the degree of Doctor of En- 
gineering. Sponsored by Professor G. Fichelberg. 

? Engineer, Combustion Engineering Company. 

Contributed by the Heat Transfer Professional Group and pre- 
sented at the Spring Meeting, Worcester, Mass., May 1-3, 1940, of 
THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


sub. 0 = zero pressure 

sub. k = critical properties 
sub. r = reduced properties 
sub. 1 = liquid state 

sub. v = vaporous state 


ELEMENTARY PROPERTIES OF STATET 


To investigate a thermodynamic system, start with the 
Second Law in the form 


The internal energy of a vapor is composed of four components: 
translation, rotation, oscillation, and intermolecular forces. In 
the gaseous or vaporous state, translation and rotation may as- 
sume their full activity, while oscillation may not reach its full 
activity. Thus, the internal energy u is represented as the sum 
of three terms: the classic contribution of translation and rota- 
tion, the contribution of oscillation, and the contribution of 
intermolecular forces. For the latter an empirical formula will 
be established in order to derive the properties of vapors. 

If f denotes the total sum of degrees of freedom of translation 
and rotation, we can write 


u = (f/2)RT + doce + Umol 
or u = (f/2)pu + tose + Umor + (f/2)(RT — pv) ...... [2 
Writing 


we have for monatomic molecules f = 3 + 0 = 3, a = 2/3 ) 


for linear molecules f=34+2 =5, =2/5 
for polyatomic molecules f = 3+3 =6, a =1/3 J 
into Equation | 1}, it follows that 
du + (au— p*v)(dv/v) 
Tu Tu v 


d(uv®) ptt! dv 
Tv® Tf » 


ds = 


So far we have used only the properties of state —-temperature, 
volume, pressure, and energy—which can be represented from 
direct measurements. Therefore, we can refer to these as the 
natural properties of state. To represent the laws of change 
of state in a more elementary form, we introduce the fol- 
lowing quantities as the elementary properties of state: 


Independent variables 


Te: ¢ = log, v 
Dependent variable (derived calorific property of state) 
= uv™ 


Dependent variable (derived thermal property of state) 


1 


x = 


+ New derivation in author’s closure. 
* Superseded by Equation [104]. 


— 
p= 
ty 
Sy 
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If we substitute 


it follows that 


If ds is a total differential, the following equation must be satis- 
fied 


From Equation [6] 


ra) * 
06 
and from Equation [4] 
Substituting Equation [8] into Equation [7] yields 


2—Tue PerFeEctT VAPoR 


Equation [9] is a general relation between two dependent 
variables which holds for every thermodynamic system, but is 
not sufficient to recognize its condition. For an ideal system with 
a limiting condition in which Equation [9] contains only one 
dependent variable, this modified equation yields a relation for 
the condition of the system. The limiting condition is 


The perfect vapor defined by Equation [10] has the character- 
istic that one of the elementary properties of state depends only 
on one independent variable. This is in remarkable agreement 
with the behavior of actual vapors. Simple laws will also be 
found for the other properties. By substituting Equation [10] 
into Equation [9] 


Integration gives 


where f(7) is an arbitrary function of the temperature. The 
relations between the thermal and calorific properties of the 
perfect vapor are, according to Equation [8] 


and 
u= [po + TI(T)] 00000 [12] 


Being a function of temperature only, f(7’) can be determined 
for an arbitrary pressure. If we choose the pressure zero, the 
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intermolecular forces will disappear and the perfect gas law will 
be fulfilled, whence pv = RT’. 
Then the internal energy at p = 0 is given as 


u = (1/a) RT + (1/a)Tf(T) 


According to the previous assumption that the translation 
and rotation is fully activated and that the oscillation is partially 
activated, (1/a@)RT7 is the contribution by the translation and 
rotation to the internal energy of the perfect vapor. Thus, 
(1/a)Tf(T) is the contribution due to the oscillation. 

Since the variation of the energy of oscillation with pressure 
is negligible, the quantity (1/a)7/(7) represents the energy of 
oscillation at arbitrary pressures. 


Then from Equation [11] 


from Equation [12] 
and from Equation [2] 
= (1/a)(po— RT) . {15] 
Equation [15] can be considered as characteristic for the perfect 


vapor. 

Making simplifving assumptions which are exact enough for 
technical applications, the specific heat of oscillation for every 
degree of freedom can be written as 


(€9/T )2 


Cose = 


where 9 represents the “characteristic temperature” of the oscil- 
lation. By integration and addition over the fo degrees of free- 
dom, the contribution of the oscillation to the internal energy 


is 
Ucec = 
1 &/T 


where « represents the individual terms in the summation. 
Therefore from Equation [14] 


u=- po+R pos {16} 
Introducing the enthalpy h = u + pv, we obtain 
h= eee 1 
The characteristic function ¥ = s — (u/T7’) has the differential 
Tdu — udT 
Substituting Equation [1] gives 
dv [18] 


In Equation [18] the coefficient of dT’ is (0W/0T'), and the coef- 
ficient of dv is (OW/dv) 7, which yields the relations 
ov ov 


= 
u=xT ar and 


* Superseded by Equation [105]. 
+ Superseded by Equation [106]. 
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By substitution of Equation [19] into Equation [16], the fol- r O(pv/T) __v O(po/T) [25] 
lowing differential equation for is obtained — 
+R From Equation [21] 
which has the integral 


= F(Tv%) +R lg, 


The function ¥ determines the entire behavior of the system. 
F(Tv*) is an arbitrary function of the elementary property @ 
only, while the second term is a function of the temperature 
only; F must be determined for each substance by experiment or 
individual theory. The definition of the perfect vapor does not 
include any limitation whatsoever regarding the character of the 
function F(@). Its significance results from the following deriva- 
tions: 

Equation [19] gives 


p = 


which yields 


when integrated 
therefore 


As soon as +(@) and the 0, are given, the function W is entirely 
determined. 

The further characteristic qualities of the perfect vapor can be 
found: 

(a) The specific heats can be written as 


ou 1 Op 
from Equation [16], and 
29 


from Equation [17]. 


(b) The derivatives of the natural properties of state are 


Ou O(pr) 
a= [23] 
from Equation [16], and 


from Equation [17]. 
With (0u/dv) = 7'(Op/d7') — p, which follows from the Second 
Law, we obtain from Equation [12] 


or 


Superseded by Equation [107]. 
t Superseded by Equation [108]. 


With dc,/dv = 7'(0*p/0T?), which follows from the Second Law 
Equation [26] yields 
— tne) _ 1 0 
oT aT 
OF, SINCE Cose does not depend on v 
O(c, — Cose v (ce, — 
For the perfect vapor 
Cy — Cone = Ctr + Crot + Cmot = (R/a) + Cmol 
Accordingly 
OCm v Oc 


As a consequence of the fundamental condition of the perfect 
vapor Equation [10], there exist relations of Equations [21] to 
[28], inclusive, between the natural properties of state. These 
equations are the only limitations for the properties of that 
system. No limitations are made of the value of these properties 
or their derivatives. In this manner, the perfect vapor differs 
from the perfect gas, which has, in addition to Equation [10], 
the limiting condition (0u/dv); = 0 for the value of a certain 
derivative. The fundamental property of the perfect vapor, 
from which all other properties derive, is that the elementary 
property of state z is a function of 6 only. 


3—TeEcHNICAL VApors DESCRIBED AS PERFECT VAPORS 


The agreement of the thermodynamic properties of vapors 
used in technical processes with those derived in Section 2 for 
the perfect vapor can easily be checked by the results of Equations 
[10] and [17]. This means (a) if we represent the thermal 
properties on a 7, 6 chart, all points of the vapor state will coin- 
cide on one curve, since x depends on @ only; and (6) the quantity 
h — [(a@ + 1)/a]pv is a function of temperature only, which has 
the value given in Equation [17]. We proceed now with a veri- 
fication of the properties in (a) and (b) for several substances. 


Steam: a = 1/3. The calculations are based on the skeleton 
table (1)* of 1935 for the tolerance +0. From this table, we ob- 
tain the well-known pv/RT, t chart, shown in Fig. 1, from which 
those points for saturated and superheated steam which are indi- 
cated by circles were selected to be represented in a z, @ chart, 
shown in Fig. 2. These points cover a range from an approxi- 
mately gaseous condition to a condition which deviates 75 per 
cent from the gas law. These points coincide almost exactly into 
a single curve, which for great values of @ approximates the 
straight line + = Ré, the latter characterizing the perfect gas 
law. The values for the critical point are 


0, = 97.123 m deg C/kg'/*; +, = 1142.8 m2/kg’/* 


The points for saturated water are marked as a supplement to 
the vapor. We see that only for very small volumes—about 
v < 2v,—the points will not coincide into one curve. The tangent 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 VALUES OF h — 4pxv FOR STEAM 


- Temperature, C—-————_—— 
Pressure, 0 50 100 150 200 250 300 350 400 

Values of h — 4pv- 
203654 203713 203709 203912 204129 204447 204312 203015 are 

ae ae 203738 204186 204496 205053 205778 p 207525 

204108 204757 205536 

204691 205486 

205397 

204760 


206567 
205533 211422 


dt 


— POINTS FROM SKELETON TABLE! 
© SATURATED STEAM 
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Fie. 1 Deviation oF A WATER Vapor FROM THE Fig. 4 Enrxuaupy or Steam Comparep Wits THAT OF A PERFECT 
Perrect Gas Vapor 


CHART OF STATE FOR STEAM 


REPRESENTED BY THE PROPERTIES: 
@ AND 7 = pv 


COMPRESSED LIQUID 
© SATURATED LIQUID 
© SATURATED STEAM 
© CRITICAL POINT 

UPTO 10 
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of the 7, 6 curve at the critical point has the same slope as the gas 
line = 

From Fig. 2, the curve +/R@ = f(@) can be derived. This curve 
is shown in Fig. 3 and can be used to establish an empirical 
equation of state. It indicates how the points in Fig. 1 coincide 
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h 
Ot 
Op oT 
which gives 
8.3724p + 0.06216 p? 


into a single curve, if one chooses @ instead of T as abcissas; 
the ordinate is the same, since according to Equation [5| r/Ré = 
po/ RT. 

The quantity h — 4pv has the values given in Table 1, which 
are derived from the skeleton tables (1) and expressed in m kg/kg. 

In the large range covered by these tables, h — 4pv is, at con- 
stant temperature, almost independent of pressure except the 
values at very high pressures. Most points from the table are 
marked in Fig. 4 together with the curve /(¢pp — 4R)dT accord- 
ing to the cp, data by Justi and Liider (2). The constant of 
integration is fixed to make the saturation curve pass through 
the 0 C point of Table 1. 

We recognize from the figure that the deviation of the ob- 
served values from the curve is very small. Even the variation 
of h — 4pv with the temperature amounts only to a few per cent. 
The reason is the small variation of /(¢pp — 4R)dT compared 
with the great value of the constant of integration. Thus, we 
obtain as an approximation h = ao + a,pv which relation had 
already been found in an empirical manner (3). Thus we see 
that steam is in close agreement with the condition of the perfect 
vapor. 
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Fie. 5 ELEMENTARY PROPERTIES OF STATE OF CARBON DIOXIDE 


Carbon Dioxide:* a = */;. Fig. 5 shows the x, @ chart, cal- 
culated from Amagat’s values. For this substance also the 
points of state coincide, in general, into one curve when the 
volume is not too small. Since the volume of carbon dioxide is 
not measured as accurately as that of steam, the points scatter 
a little more than those on the steam chart. The chart covers the 
range from 40 to 140 kg/cm? and from —20 C to +50 C. In the 
whole range, the deviation from the gas law is very considerable 
as shown by the straight line = Ré. An empirical equation 
of state, which holds for pressures up to 40 kg/cm? (4) is 


RT _ 0.0825 + (1.225 p 
(7/100) 
R = 19.273 m kg/kg degC; [v] = m3/kg; 


v 


= kg/m*. 


According to the Second Law, we obtain the enthalpy by inte- 
grating the equation 


* This example superseded by Fig. 16; text obsolete. 


(7/100) 


where p is to be substituted in kg/cm? and /fc,,.dT is the tem- 
perature function to be introduced by the integration. Then we 
obtain from Equation [17] 


q 7 1.61p — 0.03826 p? 
h 3 pv = ic 3 dT (T/100)"/* 


The first term on the right-hand side corresponds to the value 
of h — (7/2)pv for the perfect vapor, according to Equation 
{17]. The second term on the right-hand side denotes the devia- 
tion of the actual CO, vapor from the perfect vapor. The con- 
stants used in the calculation of cpp are 


0; = = 960 C; = 1830 C; = 3280 C 


Fig. 6 represents this equation where the constant of integra- 
tion is so fixed that / [cp) — (7/2)R]dT = 0 at the freezing point 
T = 216.8 Cats. The addition of the second term of the equa- 
tion results in the scattering of the actual points of state about 
the theoretical curve. The figure shows that the scattering is 
very slight and that the CO, vapor can be represented with suf- 
ficient accuracy as a perfect vapor. 


Fpv, KCAL/K6 —> 


| | 
| 


T,DEG ¢ ABS—> 


Fie. 6 or CO: Vapor ComMpareD WITH THaT oF A 
PERFECT VAPOR 


Hydrocarbons: «a = '/s. Edmister has succeeded (5) in 
representing 17 hydrocarbons with close approximation by a 
joint equation in reduced properties of the type 


v = (RT/p) —b 


Dividing the quantities 7, p, b by their respective values 
Tp, Px» 5, for the critical point, yields 


= 
= 
ee 
[| 
| 
| 
= 
v RT, T 
4 
: 
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Fig. 7 ELEMENTARY PRoperTIES Fic. 8 ENTHALPY OF C3Hs Va- 
oF STATE OF PROPANE POR COMPARED WITH THAT OF 
A PERFECT VAPOR 


where b, is the same function of both 7, and p, for the 17 sub- 
stances examined, and the average value of R7',/p,b, is 1.368, 
which happens to be the correct value of propane (C3Hs). 

We apply the laws of the perfect vapor to this substance. 
For this case, let 


1/3 


The experimental data determine the z,, 6, chart of Fig. 7 
where the gas condition is represented by the straight line, 7, = 
(RT/pb),6,. The figure contains the range of 0.2 < p, < 2.5 
and 0.8 < 7, < 2.5 and shows that within these limits, the 
points of state are approximately located on a single curve. 

By means of the statements made in the reported paper (5), 
we can write Equation [17] as shown in the following paragraph. 

The specific heat of propane in the gas condition is 


Cpp = 4.09 + 0.04327 Keal/mol deg C 


from which the enthalpy in the gas condition can be obtained by 
integration as 


ho = 4.097 + 0.021672 + h’ Keal/mol 


or 


ho 


If Ah denotes the difference in enthalpy between the gas condi- 
tion and the condition at any pressure, Equation [17] is written 
as 


15137, + 29557T,? + h’ Keal/mol 


Ah 
ho— pub = ho—4RT +h’ 
Pedy Pe Oy 
where Ah/p,b, is again the same function of both p, and 7’, for 
17 hydrocarbons. 
If we suppress ho 


Ah pv (7) 
—+4— - =4|—])T,—h’ 
pb 


This equation is represented in Fig. 8 for propane where the con- 
stant of integration is so fixed that h’ = 0 at the critical point. 
‘The critical data of propane are 7, = 369.9 Cats; p, = 43.4 
kg/cm?; v, = 0.195 m*/mol; b, = 0.528 m*/mol. Furthermore, 
the molecular weight M = 44.06 kg/mol, and the gas constant 
R = 848 m kg/mol deg C. 
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Fig. 8 shows also that the observed values scatter only slightly 
about the straight line calculated from the foregoing equation 
for the perfect vapor. Due to the rough approximation in repre- 
senting the 17 substances by the same law, we cannot expect the 
points to coincide better on the straight line. We recognize 
from Figs. 7 and 8 that hydrocarbon vapors in general follow 
the laws of the perfect vapor. 


The advantages which result from the possibility of represent- 
ing technical vapors as perfect vapors consist in great simplifica- 
tion of the preparatory work required to establish equations of 
state and tables. 

Since the whole field of natural properties reduces to one curve 
of elementary properties, it is necessary to determine by experi- 
ments only as many points as are needed to determine this 
curve. Then, all other states can be calculated from this curve. 
By this method we can avoid part of the measurements at high 
pressures. 

The calculation of the calorific properties from the thermal 
properties will also be simple. From Equation [17] it follows, 
that an additional temperature function only must be given to 
calculate the enthalpy for given values of p and v. This function 
can either be given empirically or can be calculated from the 6 
values, which are known by spectroscopic measurements for 
many substances. 


4—EmPIRICAL EQUATION OF STATE FOR VAPORS 


The possibility of representing the state of vapors by one curve 
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Fic. 9 REPRESENTATION OF THE CURVE OF STATE OF STEAM BY 
Equation [30] 


facilitates the formation of an empirical equation of state. Due 
to its characteristic form, the function r/Ré@ = f(@) is most suita- 
ble for the analytic representation. The curve of this function 
belongs to the type 
1/z 
= 


where z must be represented as such a function of @ that y from 
Equation [29] gives the same value as y = 2/R@ from the curve 
of state, shown in Fig. 3, for the same value of 6. 
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To find this function z = f(@) we plot the values xz in Equation 
[29] against those values 6 of the curve of state, shown in Fig. 3, 
which belong to the same ordinate. Fig. 9 shows the curve 
x = f(0) for steam which can be represented with great exactness 
by 


The points of state in the figure are the same as in Fig. 1. They 
scatter very slightly about the straight line which is for two 
thirds of all points within the tolerance of the skeleton table if 
6 is taken equal to 136.5 m deg C/kg'/*. For the other points 
the deviation also amounts, in the most unfavorable case, to a 
small percentage. Since the measurements of volume of most 
vapors have small errors we can expect that the method described 
here for steam can be applied to the equations of state of other 
substances. 
From Equations [29] and [80] we obtain 


(80/6) 8 

The empirical equation of state then is expressed in natural 
properties by 

6o3/T3v 

[32] 

RT 


Equation [32] holds for the entire range of vapor when v > 22,. 
With the exception of the gas constant, this equation contains 
only one other constant, 4. It follows from Equation [20] that 
we must determine Jf (x/6?)dé in order to know the value of the 
characteristic function. It follows from Equation [31] that 


(00/0) 4 0 R d(60/0)* 


the integral of which is = dé = 3 og, - 


Thus, we obtain 


(00/8)? 


@(90/0)* fo 

= Blog. 

as the characteristic function. 

Hence, from Equation [19], the energy of the perfect vapor 
is obtained as the empirical equation 


603/T'v 
u = — |] R ™! 
Finally, the entropy results from the Second Law as 
= WV + (u/T) 
From Equations [83] and [34] 
(00/0) 8 
= R log, R 


Equations [31] to [35] involve Equation [30]. 
5—EsTaBLISHMENT OF THE VAPOR TABLE 
If we start from the characteristic function to describe the 


* See amendment in author’s closure. 
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thermodynamic properties of a vapor, it follows from Equation 
[19] that pressure is the only thermal property which can be 
represented as an explicit function of temperature and volume. 
It is not possible to obtain volume or temperature as an explicit 
function of the other two properties of state. In vapor tables, 
the volume is to be represented as a function of pressure and 
temperature. A solution of this problem by an empirical method 
results in an analytic expression, which becomes more compli- 
cated for greater validity and exactness of the formula. However, 
the problem presents a simple solution for a system of the type 
of Equation [33]. 

The equation p = f(T, v), belonging to Equation [33], is repre- 
sented in Equation [32]. Multiplying both sides of Equation 
[32] with 693/7'%v, we obtain, with the aid of Equation [30] 


3 2 
Moreover, from Equations [30] and [5] 
Thus, it is only necessary to establish a table of the function 
— 


to determine the volume for the given pressure and temperature. 

First, calculate the left side of Equation [36] to obtain z(z). 
Taking the value z from the table, calculate v according to 
Equation [37]. After finding the p, v, T values, the temperature 
function of Equation [17] must be obtained from experimental 
data, from which equation the enthalpy can be calculated. The 
entropy is obtained from Equation [35]. 

In the equations used for the calculation of v, h, and s, the same 
functions which belong to the following types, are used 


1/z el/* 


1/z? 
el/x — 


Once tables for these functions are made, the calculation of 
vapor tables presents no difficulty. An assumption similar to 
that of Equation [30] will be sufficient, in general, if the neighbor- 
hood of the critical point is avoided. By modification of 4 in 
the neighborhood of the saturation line, the accuracy required 
by the International Steam Tables can be maintained. 


6—IsOTHERMAL WORK OF VAPORS 


For a vapor which satisfies Equation [33], the following is 
obtained 


_ RT 
or 
RT* (60/6)® 


Pb 


The isothermal work of expansion can be found from 


_ RT* 
“Op? 


By substituting Equation [30] for 7 = constant 
1/2? 


. Pr 
0 
pe 
= 
1 
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the integral of which for the work of expansion, from the initial 
state to the final state, is 


A = RT log, poe 


—e-i/n 
Substituting the original variables, the isothermal work of ex- 
pansion is found as 


1 — em 


In the limiting case, where the vapor condition approximates 
the gas condition—large values of 7 or »p—the exponential func- 
tion can be developed in a series which can be terminated after 
the linear term, thus obtaining the approximation 


T} v 


In this case 


which is the well-known law for the work of expansion of a per- 
fect gas. It is of interest to examine the manner in which the 
external work of Equation [39] varies if the volumes x, and 1, 
remain the same, but the temperature T is changed by dT and 
then 7 is allowed to approach zero. 

By differentiation at constant volume, from Equation [39] 


oA 1 — 
Gr) = R log, (0 /T)3(1/2) 

(80/T) /v2) 


+ 3R (cars 1/2») 1 


T°) (1/0) 
i) 


The first term in Equation [41 ] is 


e(90/T)3(1/e2) 


e(90/T)3(1/m) 


Then, if 7 approaches zero, each term in Equation [41] ap- 
proaches zero. Accordingly 


lim (4 
r—o\ar), 


To show the application of Equation [39], calculate the work 
of isothermal expansion for steam at 400 C from 200 kg/cm? to 
100 kg/em*? (A-B in Fig. 1), which is a range where the 
deviation from the gas law is very large. 

For a check, first calculate the amount of the work from the 
V.D.I. steam tables. 


In the initial state: In the final state: 


vr, = 0.01031 m*/kg ve = 0.02710 m*/kg 

h, = 676.6 Keal/kg he = 740.4 Keal/kg 

= 1.3327 Keal/kg deg C = 1.4865 Keal/kg deg 
-u, = 628.3 Keal/kg ue = 676.9 Keal/kg 


According to the Second Law, the work of isothermal expan- 
sion is 
A = T(8, — — (ue — 


With these values, it follows that 
A = 54.9 Keal/kg 


According to Equation [39], taking % = 136.5 m deg C/kg'/* 
and 1, » from the V.D.I. steam tables 
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__ 0.008337 
0.01031 
——9008337 = 74.2 log, 2.0940 = 54.8 Keal/kg 
1—e 0.02710 


A = 74.2 log, 


which is in close agreement with the steam tables. 
The perfect gas law gives 


A = RT log, (pi/p,) = 74.2 log, 2 = 51.4 Keal/kg 


which is in error 6.8 per cent. If the work is calculated from 
Equation [40] which is an equivalent form for gases, we obtain 


A = RT log, (v2/m) = 74.2 log, 2.6285 = 71.7 Keal/kg 


which is in error 30.6 per cent. 


7—TxeE ADIABATIC CURVE* 


The differential equation for the adiabatic curve of the per- 
fect vapor can be derived from Equation [6] where ds = 0. 
Using Equation [8], the following can be written 


(1/a)(dx + dr*) = 
or 
dx = ar*de dr* 


From Equation [13] it follows that 


which when substituted with Equation [13] in Equation [43] 
yields 


dr = dicec 
Hence, making use of Equation [5], the differential equation for 
the adiabatic curve is 


dr dtoac 
=—a—. 44] 
0 T 

In Equation [44], x is a function of @ only, while vose is a function 

of T only. Thus, the integration is possible as soon as these 
functions are known. 

Since monatomic vapors have no energy of oscillation and, for 

diatomic vapors, the energy of oscillation is not activated at low 


temperatures, in these particular cases, tos = 0. Consequently 
dx = O and x = const which can be written as 
{45] 


in the natural properties of state. 

It follows from Equation [45] that for monatomic vapors and 
for diatomic vapors at low temperatures each point on the curve 
of state in the +, @ diagram represents an entire adiabatic curve. 
Thus, all states which coincide into one point in the x, @ dia- 
gram are connected between each other by an adiabatic change 
of state. 

As an approximation, the energy of oscillation of polyatomic 
vapors can be considered constant over limited ranges of an 
adiabatic change of state. Then in Equation [44] duos again 
equals zero, and Equation [45] may be used for polyatomic 
vapors also 

Using the @ values in Equation [3], the equation of the adia- 
batic curve is 


. 
for monatomic vapors pv’* = const 


for diatomic vapors pv'/* = const 
for polyatomic vapors po‘/* = const 


[45 | 


* This section superseded by Equations [110-113]. 


2 
[39] 
| 
4 
47 
2 
> 
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The last equation has been introduced by Zeuner for the adiabatic 
curve of superheated steam. 

Equations [46] do not involve the fact that the perfect gas law 
be fulfilled, or that um: equals zero. 


8- ESTABLISHMENT OF THE MOLLIER CHART 


To represent adiabatic changes of state, the Mollier chart 
must be used which, for the perfect vapor, is developed as 
follows: 


Equation [85] can be written in the dimensionless form 


where the functions f and g are given by Equation [35]. 
mine the isothermals in the h, s diagram. In this case, g(7'/@) is 
constant. Then, choose an arbitrary pressure, calculate » from 
Equations [86] and [37]. This allows us to calculate A from 
Equation [17], and 6, f(@/0), and s/R from Equation [47]. Thus, 
h can be plotted against s/R for given values of p and 7. This 
may be done for any pressure desired. Finally, the isobars 
can be traced through the points of constant pressure on different 
isothermals. 

To show the reliability of a Mollier chart thus established, we 
consider an adiabatic expansion of steam where the results can 
be compared with the V.D.I. Mollier chart. Take the initial 
state as 


Deter- 


= 120 kg/em?, = 490 C 


In the final state, the temperature be given as 
ty = 230 Cc 


while the final pressure is obtained from the condition for the 
adiabatic change of state 


s/R = const 
This process is marked by the line C-D in Fig. 1. 


First determine g(7/®) for the initial condition. 
characteristic temperatures of H,O are 


The three 


@, = 2342 C, @, = 5357 C, @; = 5492 C 


With these constants, the first termin the function g(7/@) in 
Equation [47] reads 


4 o2342/T 
Re (2342/T 5357/T 


+ log. “549377 — 


Substituting the 
763.16 gives 


initial temperature 7; = 490 + 273.16 = 


SL(T/0,) = 0.04765 + 0.00090 + 0.00075 = 0.04930 


With the same constants, the second term in the function g(7'/0) 

in Equation [47] reads 
2342/T 

ig 


5357 /T 


5492/T 
+ 35357/T 1 


= + 02/7 
Substituting the initial temperature 7; = 763.16, we have 
ry(7'/0,) = 0.1496 + 0.0063 + 0.0054 = 0.1613 
Thus 
9(7'/0) = 0.1613 + 0.0493 = 0.2106 


The initial volume is calculated from the method developed in 


Section 5, using Equations [36] and [37]. 
m deg C/kg'/?. 
Thus we have 


For steam, 9% = 136.5 


« 4 
RT 47.064 X 763.16 


763.16 \* 


Equation [36] gives 


and 


p/RT 33.410 
= = — = 0,191176 
= ~ 174.76 
1/z? 
From a table of the function z(z) = me - 
e 1 


it is found that 
z = 4.6933 
From Equation [37] it follows that 


z 4.6933 


= = — = 0.02686 m*/k 

(T/6)* 174.76 

This value agrees with 0.02687 m?/kg from the V.D.I. steam table 
within the tolerance. 


Then, from Equation [17] the enthalpy in the initial state is 


T 4 X 120 X 0.02686 
h, = 4pv + (2) = - x 


427 
+ 0.11023 X 763.2 « 0.1613 


which gives 
hy = 315.5 + ho Keal/kg 
where the constant Ao is introduced to provide the conventional 


zero point of enthalpy. 
To calculate the function f(@/6), we find from the initial data 


= To'/* = 763.16 0.02686'/* = 228.58 m deg C/kg'’? 
and 


6 228.58 


= = 1.6746 
136.50 


Then, the two functions constituting f(@/60) are 


(00/0) 
= 0.89731 
and 
e(90/9)* 
log, = 1.6513 
Thus 


S(0/00) = 1.6513 + 3 X 0.89731 = 4.3432 
Furthermore, from Equation [47] 
s/R = 4.34382 + 0.2106 = 4.5538 
The final temperature is 
T; = 230 + 273.16 = 503.16 Cabs 


For this temperature, the two terms in the function g(7'/®) are 


T 
zy = 0.04518 


ge 
: 
SE 
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and 


Hence 


9 (5) = 0.05478 


For an adiabatic change of state 
s/R = const 


Substituting the previously obtained value of s/R, Equation 
[47] yields 


f(0/00) = 4.5538 — 0.05478 = 4.4990 
From a table of this function 
0/69 = 1.7498 
Hence 
@ = 238.85 m deg C/kg’/? 
and for the final volume 
ve = (0/T)* = 0.1070 m*/kg 
The final pressure is obtained from Equation [38] as 
po = 20.13 kg/cm? 


For these values J. and p2, the V.D.I. steam table gives », = 
0.1071 m’/kg, which agrees with our calculated value within the 
tolerance. 

From these properties the enthalpy in the final state is ob- 
tained as 


ha = 204.3 + ho Keal/kg 
The net adiabatic work follows from the Second Law as 
L = — hz = 111.2 Keal/kg 


The V.D.I. Mollier chart gives for adiabatic expansion between 
the considered limits 


L = 112.4 Keal/kg 


The deviation is within the tolerance. The example shows that 
the described method permits establishing a Mollier chart of 
satisfactory exactness. 


9—EXTENSION OF THE EQUATION OF STATE TO H1GH DENSITIES 


The characteristic function of the perfect vapor is composed 
of the following four terms: 
(a) Translation, according to classic theory 


Vr = (3) R log, (2amkT) + R log, (v/h’) 


(b) Rotation, according to classic theory 


3 
WVrot = R log, Fr + R log, = 
a 2 h? 


(c) Oscillation, according to theory of quanta 


fo 1 
Vor: = R >: log. 


(d) Molecular forces, according to empirical formula Equa- 
tion [33] 
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(8/0) 


Vmol = R log, 1 — (0/0) 


where h, J, K, L, m are constants. Then, 
v= Wer Wrot + Wose + WVmol 


By differentiation according to Equation [19] the relations for 
the perfect vapor are obtained. 

At high densities, the space occupied by the molecules has to be 
taken into account, whence 


Wer = (3/2)R log, (2rmkT) + R log, (v— b)/h3..... {49} 


Thus, Equation [19] yields the thermal equation of state 
RT R&T (00/0) ) 


The second term represents the internal pressure resulting 
from the molecular forces. After rewriting this equation, for 
a = '/; the following is obtained 


(00/0) 8 b 


and 


_ 
= v(v — b) [51] 


Pp 
Equations [50] and [51] represent an empirical equation for both 
the liquid and the vapor state. It is evident that, in the range 
of high densities, the points of state do not coincide on one curve. 
The relations derived for the perfect vapor do not hold, but they 
are obtained for the limiting case v > b. 

Superimposing the curves which are represented by the two 
terms in Equation [51] yields p, v isothermals similar to those in 
van der Waals’ equation of state, with the distinction that the 
difference between the maxima and minima approaches zero for 
very low temperatures as well as for very high temperatures, 
so that p is unable to assume negative values. 

It is not possible by means of the simple assumptions of 
Equations [48] and [49] to obtain more than a qualitative 
representation of the equation of state of a liquid, because in the 
range of very high densities more complicated laws hold for the 
molecular forces. 


10—DeEpvucTION OF THE VAPOR-PRESSURE CURVE FROM THE 
EQUATION OF STATE 


If the equation of state of a system 


which includes both the liquid and vapor state, be known, it is 
possible to deduce the vapor-pressure curve 


from this equation. The knowledge of such energy quantities 
as heat of evaporation is not necessary for the solution of this 
problem. 

First, set up the mathematical relation, which must be satis- 
fied by the corresponding points of state of the liquid and vapor 
phase. This relation is obtained by representing the system by 
the three properties of state which have the same value for both 
phases in the thermodynamic equilibrium, i.e., pressure, tem- 
perature, and thermodynamic potential. The thermodynamic 
potential 


G=u+pv—Ts 


1 
‘ 
| 


: 

T [48 | 
SL = 0.00960 

i 
ORS 

5 

Ex 

3 
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may be considered as a function of the two other properties and 
is connected with them by the relation 


from which 


G= fodp + 


The condition of equilibrium to be satisfied for the vapor-pres- 
sure curve is that G has the same value for both the liquid and 
for the vapor phases. Therefore 


Since the temperature is identical in both phases, the temperature 
function in Equation [55], resulting from the integration of 
Equation [54] can be deleted in Equation [56]. Then, the con- 
dition of equilibrium can be formulated as follows. The fune- 
tion 


g = 
has the same value in both phases; a fact which gives 
and, instead of Equation [54] 


Introduce this expression into Equation [52] to obtain the 


differential equation 
| 
dp 


which when integrated at constant 7’ gives the state of the 
system represented by a family of isothermals on a g, p diagram, 
namely 


To recognize the character of the vapor-pressure curve, examine 
the isothermals in Equation [60] for a given equation of state. 

Since an analytic determination of the function in Equation 
[60] is not possible for the Equation of State [51], we choose as 
an example Berthelot’s equation of state 


RT a/T 
v—b v? 
The constants are found from the condition that in the 
critical point both dp/dv = 0 and d*p/dv? = 0, namely 
a = (9/8)RT,? », and b= (1/3)y.......... (62] 


These results give the p, v isothermal of Fig. 10. According to 
Equation [58], by integration of the p, v isothermals 


g = Srdp = Sf pdv 


which gives the g, v isothermals. 

Plot p against the values of g, which belong to the same », to 
obtain the isothermals of the g, p diagram. These isothermals 
represent the integral curves of Equation [60] which belong to 
the Differential Equation [59]. These integral curves have one 
double point located between two cusps. On the branch of the 
curve between the cusps, d°g/dp? > 0, or according to Equation 
[58] dv/dp > 0. This portion of the curve corresponds to the 
unstable space between the two phases. The double point repre- 
sents the state in which the thermodynamic potentials of both 
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phases have the same value; it is a point on the vapor-pressure 
curve. Thus, the two portions of the curve between the double 
point and the cusps represent the metastable range. The parts 
of the curve outside of the double point represent the ranges of 
stable liquid and stable vapor. Therefore, the boundary curves 
between the unstable and the metastable state are the locus of 
the cusps and the vapor-pressure curve is the locus of the double 
points of the family of isothermals. Thus the curves of equilib- 
rium are represented as the curves of singularities of the integral 
curves in Equation |60). The curves of singularities, however, 
are not singular solutions of the Differential Equation [59], be- 
cause their tangents do not coincide with those of the regular 
integral curves, which is evident from Fig. 10. 


—9 


Fie. 10 DETERMINATION OF THE PHASE EQUILIBRIUM FROM THE 
EQUATION OF STATE 


The problem to calculate the vapor-pressure curve for a given 
equation of state requires the determination of the curve of the 
double points in Equation [60], that is, the determination of that 


point of the integral curves in Equation [60], for which the con- 
dition 


is satisfied by two real and different solutions. Although the 
graphic solution of this problem is not difficult, the analytic 
solution will be practicable in particular cases and then only in 
the implicit form of Equation [53]. 

To explain the method developed, first calculate the vapor- 
pressure curve belonging to the Equation of State [61]. By 
substituting Equation [58] into Equation [61], the particular 
form of the Differential Equation [59] is 


RT a 


(g/dp) —b T(dg/ap)? 
Writing 
dp 
w=b [64] 
where 


aG 
7 
9 
| 
T=CONST 
0 < w < 1 
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is obtained. Differentiation with respect to g gives 


dw/dg 2a dw 
— 
In this latter equation, a separation of variables is possible, so that 


dw 2a 
dg = 


and the integration gives 


g = RT log, ——wtC...... (66 | 
1—w b 


Let the constant of integration be zero. Now, eliminate w in 
Equation [66] by using the Equation of State [65]. Equation 
[65] then gives an equation of third degree in w 


a 


+ ——p=0 
a a 


If the quantities 


2; 2 
are introduced 
wi — w? + + 8) —B = 0............ [68] 


If wi, we, ws denote the three roots in Equation [68] 
(w — wi) (w — we) (w — ws) = 0 
or 


— + we + ws)w? + (wiws + wiws + 


= 0 
By comparison of the coefficients with Equation [68} 
wi + + ws = 1 
69 
Using Equation [65], 8 can be replaced by aso that 
[70] 
w 1—w 


Thus, the second of Equations [69] reads 


We XK = | 


1—w 
The roots w, and ws; can be expressed by w, with the aid of Equa- 
tions [69]. Let 


W = V(1 + w)? — 4a/(1 — w) 


Then by omission of the subscript of w 


= — w + W) 


Equation [68] gives w, according to the Cardan formula, as 
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Introduce the function 
@ = g/RT 
which can also be considered as a function of equilibrium, be- 


cause 7’ has the same value in both phases. The three roots of ¢ 
can be found from Equation [66] as 


w 1 2w ) 
= log, + 
1—w 1—w a 
l1—w+ W 2 1 
1— w— W 2 1 
= — -(] — 
W) | 


Then, the complete integral function is 
= (6 — — — 174} 


in which the values above are to be substituted for ¢1, 2, @s. 
The locus of the double points of this function is the vapor-pres- 
sure curve, 

Equation [74] is too complicated to calculate the curve of the 
double points from the condition expressed by Equation [63). 
But since, in the foregoing example, the equations of each of the 
three branches of the equilibrium function are given, only the 
point of intersection of two branches need be calculated. 

The problem can be solved easily by first determining which of 
the three roots of w belongs to the liquid, the unstable, and the 
vapor phase. By calculating these values for one isothermal we 
find that w; corresponds to the liquid state, w, to the unstable 
state, and w; to the vapor state. The same holds for the func- 
tions ¢1, 2, ¢3. Thus, the vapor-pressure curve is the locus of the 
points of intersection of ¢, with ¢; on the different isothermals, 
so the condition is 


Thus, it follows, after rewriting Equation [73] that 


2 1 
loge :) (=*)] 


If, for w in Equation [76] is substituted its value from Equation 
[72] and the @ and 8 are replaced according to Equation [67 | 
by functions of p and 7’, Equation [53] is obtained. This is 
the implicit vapor-pressure curve of the Equation of State [61 |. 
Also, p as a function of 7 is obtained by graphic solution of the 


A 
= 
p= RT 
w wT 
3 
at 9 
1 
3 
3\* 
2 
3} * G 
: 
(72) 
4 
a! 
3 
| 
| 
| 
= 
1 + € 
w+ 
Ww (76 la 
au 
th 
of 
of 
he 
au 
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Fie. 11 DeTERMINATION OF THE VaApoR-PRESSURE CURVE OF 


Equation [61] 


transcendental Equation |76] giving w = f(a), as shown in Fig. 
11. This curve in conjunction with Equation [70] gives 
w 
8 = a-— — wv 
l—w 
which is the curve 8 = f(a) in Fig. 11. Replacing @ and 3 by 
Equation [67] gives with the aid of Equation [62] 
T 27 p 278 
= —e and - = - 
T, 8 Pe 
T, 


The vapor-pressure curve of Berthelot’s Equation of State [61] 
in reduced properties can now be found from Fig. 11. The loca- 
tion of this curve is marked by circles in Fig. 12. The figure 
shows that the vapor-pressure curves of H,O and CQ. are very 
close to this curve. 


0.5 0.6 07 08 09 1.0 
Fie. 12. Vapor-PressurE Curve or Equation [61] Comparep 
Actua. SuBSTANCES 
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Discussion 


H. D. Baker. The author has undertaken to establish a 
method of computing tables for the thermodynamic properties of 
substances when only a few experimental data are available— 
less than have previously been considered necessary. 

In order to do this he has assumed that the internal energy 
of a gas is given by his Equation [2], which takes account of 
energy due to translation, rotation, oscillation, and intermolecu- 
lar forces. He neglects other forms of energy, such as electronic, 
nuclear, and chemical energy in the molecule. There is little if 
any evidence that these last undergo appreciable changes in 
thermal processes at ordinary temperatures. Hence, they are 
of no practical importance here. 

Translational and rotational energies are computed by means 
of the Boltzmann “equipartition theorem.” It is to be noted, 
however, that this is not a rigid law, but rather a rough generali- 
zation. The term a@ is usually a function of temperature, de- 
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creasing in the case of hydrogen almost linearly from approxi- 
mately ?/; at —350 F to approximately ?/; at 100 F (6).5 

The author has obtained an expression from the quantum 
theory for the energy due to oscillation. This method has been 
used with success in computing specific heats and radiation 
exchange (7). It is, however, somewhat laborious. To deter- 
mine the energy due to intermolecular forees he has, in effect, 
assumed an equation of state 


put! = F(Tv*) 
where F is an undetermined function, but which is later limited 
by the condition that pv approach RT at very low pressures. 
This implies an assumption that when Tv is constant, pu™*! is 
also constant. This is true for an ideal gas, for which 


P=a+l 
5 Numbers in parentheses (6) to (15) refer to the Bibliography at 
the end of this discussion. 
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The latter condition imposed is justified by experience with actual 
gases (8). 

The expression which the author has obtained for the con- 
tribution to the internal energy by intermolecular forces is 


1 
Uma = — (pv — RT) 
a 


The accuracy of this expression must be tested. 
Differentiating at constant temperature, we obtain 


dv ir @ dv |r 
du 
It is assumed that the internal pressure io Dr” denoted by 4, 
T 


d 
is due to intermolecular forces (9, 13). Then (**) should equal 
v/T 


mol ljd 
Ea ; or \ should equal — Ea ‘ 
dv lr a{ dv lr 


Reliable experimental data exist for both \ and pv. The de- 


gree to which values of — (pe) 


dv 
approximate the experimental values of \ will then be a test of 


, as calculated from these data, 
T 


1 

the accuracy of the author’s Equation [15], mo. = — (pv — RT). 

The writer has made such a test and for it has chosen nitrogen 


as being a substance of normal behavior. He has obtained 


a dv 
scaled values for \ from Clark’s curves (10, 11, 12, 18, 14). ais 


ljd 
- kal by scaling isothermal pv versus p curves (8), and has 


6 Dr. Roebuck has communicated to the writer the fact that Ward 
Murrell and Vance have recently computed X for nitrogen from 
data previously published (14). They find AX = 0.00297 at 1; 1.186 
at 20; 10.56 at 60; 28.47 at 100; 53.25 at 140; and 101.83 at 200, all 
in atmospheres at 32 F. 
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assumed to be 2/;.. The results are shown in Fig. 13 of this dis- 
cussion. 


1 | 
It is clear that values for — ! (pv) | do not at all agree with 
Qa dv 


those for \. Hence, the validity of the author’s expression 
1 

Umot = — (pv — RT) is not sustained in this test. The fair de- 
a 


gree of agreement with experiment which he demonstrates in his 
section 3 may be accounted for by the fact that there the energy 
changes, due to intermolecular forces, are lumped together with 
much larger quantities (11, 13). Hence, his check is not a reli- 


1 
able test of the accuracy of his expression Uno = — (pv — RT). 
a 


Most of the relations in section 2 of the paper depend upon 
those assumptions which gave rise to the foregoing relation. 
Also many equations and calculations in subsequent parts of the 
paper depend upon the equations in section 2. The results of 
the test, shown in Fig. 13, indicate that such equations and 
valculations cannot be relied upon implicitly. If used, they 
must be used with due discretion. 

In the writer’s opinion, expressing isolated experimental ob- 
servations in general formulas is useful in proportion to the ac- 
curacy with which these formulas represent the facts, to the 
simplicity of these formulas, and to the degree to which they may 
reasonably be used for extrapolation to cases for which no experi- 
mental data exist. Such a form as a power series, for example, 
is simple, and the accuracy of the “‘fit’’ to the experimental data 
will be in proportion to the number of empirically determined 
constants (15). However, extrapolation is resorted to with con- 
fidence only when the formulas have thoroughly sound rational 
bases. 

It is the writer’s opinion that the author has succeeded in 
satisfying the first of these three requirements but there is lack of 
evidence of success in regard to the other two. 
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Fr. Bosnsakovic.?. The attempt to characterize a perfect 
vapor by the property, that z is a function of 6 only, is very inter- 
esting. The possibility of establishing an exact equation of 
state with the aid of only a few experiments is quite valuable. 
The disadvantage of this method is that the physical significance 
of the “elementary properties of state’’ x and @ is not evident. 
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The neighborhood of the critical point is described incom- 
pletely, even by means of these complicated considerations. 
The reason probably is the extraordinary variety and variability 
of the molecular clusters in this region, where any assumption 
of a roughly uniform substance cannot even lead to approximate 
solutions. Such an assumption is introduced by the calculation 
of the internal energy u from Equation [16]. 

It is desirable to extend the considerations to vapor mixtures 
where experimental data are even more scarce. Here, the knowl- 
edge of the enthalpy and entropy is particularly valuable for 
many purposes. It may be that the definition of a “perfect-vapor 
mixture” in the described manner would be useful. 

The same may be said of gas mixtures at high pressures, as used 
ein process industries, but here the prospect looks less hopeful. 


J. H. KEENAN.’ This paper is an interesting addition to the 
literature of the equation of state. The author provides a means 
of control in the development of an equation of state which will 
doubtless be frequently employed in future work, 

Perhaps it is worth-while to point out that the author’s method 
is based on the assumption that along a line for which pv* is 
constant 7'v*—! is nearly constant, where k denotes the author’s 
(a + 1). The value of k is 5/3 for a monatomic gas, 7/5 for a 
diatomic gas, and so forth. It is well known that for most engi- 
neering gases a line for which pv® is constant is, very closely, a 
line of constant entropy over most of the vapor region; and the 
same may be said of a line for which T'v*~! is constant. There- 
fore, each point on the empirical curves of Figs. 2 and 3 of the 
paper represents, approximately, a line of constant entropy, 
at least in the vapor region. From this point of view it is not 
astonishing that the relation between w and @ is not unique at 
high pressures relative to the critical pressure or in the liquid 
region, 

The curves of Figs. 2, 3, and 4 are to such a small scale that it 
is not possible to determine the precision to which properties of 
steam can be represented by a single curve. A table of differ- 
ences from the International Skeleton Table values would be 
illuminating. 

The author might well have shown more consideration for his 
readers, one of whom encountered the following difficulties: 
The derivation of Equation [7] is not adequately indicated. The 
independent variables change so often in the course of the analy- 
sis that it is only by great effort that one can determine which 
variable is held constant in differentiation. Perhaps it is not too 
late to add subscripts to the derivatives. The introduction of 
the expression for Cose and the consequent summations in Equa- 
tions [16] and [17] appear to serve only to complicate the mathe- 
matical relations; symbols for pure temperature functions would 
have served as well. In the applications made by the author, 
empirical data take the place of these involved expressions. 
Equation [63] is not enlightening. The symbol @ appears with 
two different connotations. Section 10 seems to bear little or no 
relation to the previous sections; moreover, there is nothing 
in it which tells just what new material it contains. 


F. G. Keyes.? The author states that three ways are avail- 
able for investigating the properties of thermodynamic systems: 
(1) The “properties are derived from experiments with real sub- 
stances.”” Experience has shown without exception the sound- 
ness of this method, and one might well add, the absolute neces- 
sity of carrying out controlled measurements if real knowledge is 
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desired about any substance. (2) The author states that the 
properties are determined from a theory. It is, however, self- 
evident that a “‘theory” is bounded strictly by the experimental 
basis upon which it is established. For example, Maxwell’s 
theory of electricity and magnetism based on Faraday’s ex- 
perimental results at ordinary temperatures has been so satis- 
factory that anyone questioning its inclusiveness would be con- 
sidered suffering from an aberration. The electromagnetic be- 
havior of some metals and many semiconductors at low tempera- 
tures is now known however to be at variance with Maxwell’s 
theory, so much so that we must regard the theory (as finally all 
human effort must be regarded) as bounded. (3) The author 
states, ‘‘the properties are deduced from a definition, by which 
an ideal system is created.” It is difficult to perceive how posi- 
tive knowledge can evolve out of definitions, and moreover the 
number of possible definitions is about infinite at least. 

The author’s procedure rests essentially on the introduction 
of a number of new variables which are functions of physically 
measurable quantities, ‘‘observables’” for example, pressure, 
volume, and temperature. The new variables are therefore not 
observables but must be deduced from them. 

Thus, 6 = Tv*, g = Inv, e = wv™ (uw is intrinsic energy) 

r = pyttl (a is twice the reciprocal 
of the number of degrees of 
freedom of the molecule re- 
garded as a mechanical 
model) 

are called by the author ‘‘elementary properties of state.” The 
author does not show that 9, ¢, e, and x are unique, and it will be 
observed that they are not independent. That is, the thermo- 
dynamic state of a body may be specified by its energy, entropy, 
or the functions enthalpy or free energy, and each of these is 
expressible in terms of two variables, p, T; v, T; or p, v pro- 
vided gravitational and electrical effects are absent and the body 
is isotropic. The observables u, p, v, 7 in terms of ®, ¢, e, 7, and 
a are 


Thus it is seen that except for v three of the new variables are 
required to specify each observable 7, p, or u. Of course a@ is a 
constant for any specified pure substance but in the general case 
a would vary from one equilibrium state to another (chemical- 
reactive gas mixture). 


The quantity intrinsic energy u is expressed in three ways 


RT 

a 

a 


In these equations Uose is the energy due to the vibrational energy 
of the separate atoms comprising the molecule; wmoi is the intra- 
molecular energy while p* from Equation [11] and that following 
Equation [5] is given by the following equation 


p* = = [6 f(T)]-! 


The term for the rotational energy is taken to have its classical 
value and incorporated in the first member with the translational 
in the factor a~'. This is not a valid assumption except at high 
temperatures. The Equation [78c], however, admits of no re- 
striction unless it is equated to [78a] as a means of defining e. 
Thus, something is left to be desired with respect to just how u is 
to be regarded. Of course the unambiguous method would be tu 


= 
as 
= 
2 
4 
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integrate a general relation for u without making any hypothesis 
about new composite variables. 
Using the author’s variables one may integrate the following 


equation 
Ou op 
(2), (3), 


Introducing the variables and letting a@ remain constant!® we 
find the equation for energy becomes 


2 
u— ue =f(T)p+o + % xdy. [79] 
a0 


where f(7) is a function of temperature alone and up a constant 
corresponding to selected vaiues of T and ¢. To evaluate the 
energy in these variables does not appear to offer special ad- 
vantages even if the integrands of the second and third terms 
of the right-hand member of Equation [79] can be integrated in 
terms of known functions. Of course, in the end, for practical 
purposes, the energy must be expressed in terms of observables, 

The author’s real objective is, however, to suggest a relation 
connecting the variables p, v, and T for a unit of a pure substance 
and this he comes to in Equation [32]. The value of the paper 
is in the main to be judged on the basis of whether this two- 
constant equation, in the case of any pure substance of interest, 
will suffice to represent the available experimental data with satis- 
factory fidelity. The ‘“‘perfect vapor’ is one that follows the 
relation = 0 or x = f(@), oragain, = f(Tv) and 
the author finds that, in the case of steam, po‘/* versus Tv'/* does 
bring the p, v, T data into a single line except at the higher densi- 
ties in the vapor phase. The line in these variables is linear at 
low densities but the curvature is pronounced as high densities 
are approached. It is Equation [32] of the paper which is offered 
as the best empirical expression of the ‘‘perfect vapor.” 

A small transformation of Equation [32] with expansion of the 
transcendental term leads to 


R @ R 6 | 


where Aj, Ag, etc., are constants characteristic of each substance. 
Forming the expression for the Joule-Thomson coefficient u, we 

find 

6A, 1 1 


1 


where pv has been eliminated by using Equation [32a]. Thus, 
it is seen that the latter equation suggests the original treatment 
of Joule and Thomson whereby their results were found to follow 
the form™ ye, = ss where c is a constant and n is taken to be 2. 
Callendar chose an equation of state which may be regarded as a 
special form of Equation [32a] where the higher terms are 
dropped. 

It is now well known, however, that the Joule-Thomson coef- 
ficient is positive, zero, or negative for pure substances, depending 
upon the temperature even at very low pressures. Thus, it is per- 


10 Satisfactory only at temperatures high enough to warrant 
setting the rotational energy equal to its equipartition value. 

11 “On the Geometrical Representation of the Expansive Action of 
Heat, and the Theory of Thermodynamic Engines,’’ by W. J. M. 
Rankine, Philosophical Trans. of the Royal Society of London, 1854, 
pp. 115-176. 
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ceived that any equation of state leading to a Joule-Thomson 
representation which is invariably a positive quantity is greatly 
restricted in generality. 

The author has not shown by actual comparisons the degree of 
fidelity with which the p, v, 7’ data for steam may be represented 
by his Equation [382] but, if it is not better than the approxima- 
tion shown in Table 1 for (kh — 4 pv), considerable is left to be 
desired in point of precision. It is also worth stating that there 
is no a priori theoretical justification for believing that the auth- 
or’s Equations [32] or Equation [80] of this discussion offer any 
prospect of finality. The graphical representations of the 
properties of steam, carbon dioxide, and propane are however 
astonishingly good. 

Section 10 contains nothing new!? and it is well known that. 
one uses the devices of the section only as a last resort in the ab- 
sence of experimenta! information. 


B. H. Sace.'® The author has suggested the use of certain 
derived properties of state which are related to the ordinary ther- 
modynamic properties in an arbitrary fashion. The behavior of a 
“perfect vapor’ is derived by employing these “elementary 
properties of state,” so restricted that for a single substance each 
such property is a single-valued function of one individual vari- 
able. In so far as the assumptions are in agreement with experi- 
mentally determined behavior, this procedure reduces materially 
the experimental information required to establish the thermo- 
dynamic behavior of a pure substance. Comparisons with 
experimental data are given and indicate that digressions from 
this relatively simple correlation become appreciable at the 
higher densities. Apparently, the relationships are no more 
than qualitatively applicable to liquids. The general approach 
to the evaluation of the constants in the ‘‘elementary’’ equation 
of state is based upon kinetic hypotheses and the values vary 
with the molecular nature of the gas. 

Thermodynamic relations, based upon the equation of state 
for a perfect vapor, are employed to calculate a number of 
properties such as enthalpy and free energy. Several compari- 
sons between predicted values for the work associated with 
changes in state under arbitrary conditions of restraint with 
those obtained from experimental information are given. In 
general, reasonable agreement is obtained but it should be realized 
that the equation of state is based upon experimental informa- 
tion concerning the behavior of the material. It is the writer's 
belief that the agreement with experiment is not as good as has 
been obtained in some other cases, notably in the application of 
the Beattie-Bridgeman equation of state to the behavior of hy- 
drocarbon gases. However, this is not surprising in view of the 
fact that, in the application of the more complicated Beattie- 
Bridgeman equation, more data are required in order to estab- 
lish the constants. 

The author has applied Berthelot’s equation of state to the 
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cations from the Physical Laboratory of the University of Leiden. 
no. 66, 1900. . 

‘Note on van der Waals’ Equation,”’ by H. Hilton, Philosophical 
Magazine, vol. 1, 1901, pp. 579-589 and voi. 2, pp. 108-118. 

“Der Satz vom Thermodynamischen Potential beim Gleichge- 
wichte eines heterogenen Systems mit Anwendung auf die Theorie 
von van der Waals und das Gesetz des Siedepunktes,"’ by E. Riecke, 
Wiedemann’s Annalen, vol. 53, 1894, pp. 379-391; “Uber die Zus- 
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vol. 54, 1895, pp. 739-744. 
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prediction of the relation of the vapor pressure of a pure sub- 
stance to temperature, employing the equality of the “thermody- 
namic potentials,’ pressures, and temperatures of the coexisting 
gas and liquid phases as the criteria of equilibrium. This ther- 
modynamic potential is usually called “chemical potential’ in 
American usage.'4 The method of solution utilized seems 
somewhat complicated and apparently is of no greater accuracy 
than has been obtained in the solution of other equations of state. 
The uncertainty of prediction as illustrated is comparable in 
magnitude to the differences to be found when the behavior of 
various substances is compared on a reduced basis. 

The author is to be complimented upon an interesting discus- 
sion of an inherently complex problem for which he has appar- 
ently found a solution which may be of engineering utility in 
many instances. It is the writer’s belief that the correlation of 
volumetric and phase-equilibrium data in accordance with the 
relationships set forth by Gibbs, such as the Duhem equation, 
will yield one of the most satisfactory bases for the prediction of 
the thermodynamic behavior both of pure substances and of 
complex mixtures. 


J. A. Gorr.'® 


sis 


The essence of the suthor’s paper is his hypothe- 


where f is a constant. The author attempts to establish a 
physical basis for this hypothesis by stating that the contribu- 
tion to internal energy from intermolecular forces is 
f 
= — (pv RT). 
2 
but clearly this is merely an alternative statement of the hy- 
pothesis and, so far as the writer is aware, is not a prediction 
of statistical mechanics. 
The well-known identical relations of thermodynamics can be 
applied to the hypothesis Equation [81] directly and simply 
without the aid of unfamiliar variables to derive 


The form of the function F is not determined by Equation [81], 
although of course, its argument is. Equation [82] is equivalent 
to the author’s Equation [10]; but why it should be dignified as « 
definition of ‘the perfect vapor’’ is not at all apparent. 

As explained, Equation [12] is corollary to Equation [1] and 
must be true in any range of the physical variables where Equa- 
tion [1] is true. The author assumes that this range includes 
the zero-pressure isobar. If it does, then 


.. [83] 


= («-- ar +u°.. 


Which still leaves the constant f undetermined. The author 
chooses f so that, at sufficiently high temperatures, the integrand 
will represent the contribution to Cy= from all motions except- 
ing translation and rotation; but of course there is nothing com- 
pelling this particular choice, and it is entirely possible that a 
different choice would strike better agreement with experimental 
data. Furthermore, in some cases, electronic motions make an 
appreciable contribution to the internal energy, in which cases 
the author would not be justified in assuming that the integrand 
arises solely from vibrational motion as he has done. 


14“Thermodynamic Relations in Multicomponent Systems,” by 
R. W. Goranson, Carnegie Institute of Washington, 1930. 
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The value of the paper would have been greatly enhanced 
if the author had stated his hypothesis Equation [81], its corol- 
lary Equation [82], his assumption that their range of validity 
includes the zero-pressure isobar, Equation [83], and if he had 
been somewhat more apologetic for his particular choice of f. 
But of course the use of unfamiliar, unnecessary, and confusing 
variables makes this difficult. In this connection, it might be 
appropriate to ask what set of “elementary properties” the author 
would have employed if he had wanted to arrive, in similar man- 
ner, at 


po/RT = ¢ (r, 247) |N2a] 
which is equivalent to Equation [82] and, therefore, corollary to 
Equation [81] also. 

Agreement with experimental data on steam through Equation 
[81] is shown in Fig. 3 of the paper, and may be regarded as good 
or bad, depending upon the range of physical variables in which 
interest lies. Fig. 4 of the paper points to the usual experience 
that an empirical equation of state must represent p, v, T data 
extraordinarily well if it is to agree only moderately well with 
thermal data. 

AvUTHOR’s CLOSURE 


In the foregoing discussions, further information is desired 
regarding the assumptions underlying the perfect vapor and the 
limits of its applicability. This can be done best by deriving 
Equations [10] and [15] from. statistical thermodynamics. 
During the long interval between the time the paper was sub- 
mitted until it was finally published, further progress was made 
in the application of statistics to the potential energy of mole- 
cules, thus enabling the author to set up the characteristic 
molecular qualities which, in first approximation, lead to the 
perfect vapor. It was found from this new derivation that the 
quantity @ in the paper has the value '/; for all kinds of mole- 
cules, and that certain relations given in the paper have to be 
modified for monatomic and linear molecules. It was with the 
revision'® which will now be discussed that the paper was pre- 
sented at the 1940 Spring Meeting of the A.S.M.E. 

The energy of a fluid system consists of the internal energy 
of the molecules which is a function of temperature alone, and of 
the translational energy which is a function of both temperature 
and volume of the system. Thus, the partition funetion @ has 
the form 


Q = Qe(T,v) X .... [84] 


The energy of translation consists of kinetic and potential energy ; 
its contribution to the partition function is (302,5) 
Ukin + 
dp ,dp,dp,daxdydz . (85) 


where 


Then, Equation [85] can be written 


_ bs? + Pu? + 
2 
dp.tp,dp, 


‘© The deduction is based on methods described in ‘“‘Statistical 
Thermodynamics,’ by R. H. Fowler and E. A. Guggenheim, Cam- 
bridge University Press, London, The Macmillan Company, New 
York, N. Y., 1939. Numbers in parentheses throughout this closure 
refer to the corresponding equations in this book. 
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Integration of the first term gives the temperature function 


/ On. 3 
tun = [87] 


The integration of the second term has to be taken over the 
entire space available to each of the N molecules. The as- 
sumption is made that the potential energy consists only of the 
simultaneous interaction of not more than two molecules, and 
we write 


Upor = €a,B 


N 
Since N molecules can be paired in Py (N — 1) different ways, 


there are as many factors under the integral. With the abbre- 
viation 


dw, = 
Equation [86] gives 


This product must now be expanded into a power series. 
According to the configurations permitted, certain terms in this 
expansion are canceled. Thus, the selection of the mechanism 
of molecular interaction is one of the factors which determine 
the thermal properties of the substance. For low densities, 
pairwise interaction is a satisfactory assumption which leads 
to van der Waals’ equation of state. For higher densities, the 
formation of molecular clusters must be assumed, the size of 
which increases with the density. At very high densities, each 
molecule will be confined to a cell formed by its nearest neighbors. 

We consider a vapor of moderate density and assume that 
only the simplest type of cluster may exist, this being a tetra- 
hedron with one molecule in each corner. Each molecule at the 
base of this pyramid may interact with the molecule at the tip, 
and there may be no interaction among the base molecules them- 
selves, Fig. 14. Then, only the following terms remain in the 
series expansion (703,5) 


The first sum represents configurations with but one group of 
four molecules, each within the range of force of the others; the 
second sum represents configurations with two distinct groups 
of four molecules interacting, and so on for the other sums. 
The number of terms under each sum has now to be enumerated. 
In the first sum, each of the N molecules can occupy place 1, 
then remain (N — 1) molecules for place 2, (NV — 2) molecules for 
place 3, and (N — 3) molecules for place 4. Thus, the number 
of permutations is 


N(N — 1)(N — 2)(N — 3) 
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In case of complete symmetry, it was necessary to divide this 
expression by 4! to eliminate identical arrangements. But in 
the present case, interchange of the tip molecule with each base 
molecule represents a different arrangement; moreover, two dis- 
tinct arrangements of the base molecules are possible, Fig. 15. 
Thus, the number of combinations is obtained by multiplying 


8 1 
the number of permutations by he as 
N(N — 1)(N — 2)(N — 3) 
3 


The number of terms under the second sum is obtained by ex- 
tending this procedure to groups of two tetrahedra. The number 


2 2 


Fig. 15 


of molecules available for the places 5, 6, 7, 8 in the second 
tetrahedron are subsequently (NV — 4), (N — 5), (N — 6), 
(N — 7). Identical arrangements are eliminated by multiplying 
the number of permutations by '/; for each of the two tetra- 
hedra. The interchange of identical tetrahedra within each 
group is eliminated by division by 2!. Thus, the number of 
distinct sets of two tetrahedra is 


N(N — 1)(N — 2)(N — 3)(N — 4)(N — 5)(N — 6)(N — 7) 
2! 32 


In general, the number of distinct sets of r tetrahedra is 


N(N — 2)(N —3)..... [IN — (4r — 1)] N! 
r! 3" rl 3’ (N — 4r)! 


Then, after some transformation, the partition function becomes 
(703,6) 

N 

4 


Qpor 0 — 4r) 


or, if the abbreviation & is introduced for the term in the bracket 


(703,9) 
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N! 
93 
rN — 4nin™ [93] 


To evaluate this expression, we make the further approximation 
(703,10) 
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and write (703,3) 

N(N-1) 
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N N! 
Q - r a N 
2, —r)! (1 + §) [94] 


Using Stirling’s theorem, we obtain (703,12) 


N 


N3 
Nin\ 1+ 1254 }. . [95] 


For a perfect gas, the partition function of potential energy is 
given by the first term Qa» alone. The second term represents 
the contribution of intermolecular forces, Qmol. 

Since there is no interaction between the base molecules, the 
potential energy of the cluster depends only upon the relative 
coordinates of the tip molecule, and the integration can be per- 
formed over the available space, v/N, of the three others, which 
yields for the second term 


In Qma = N In (: + 106 
Jw 


In order to evaluate the integral, we have to introduce a definite 
function for the energy of interaction. Thus, the choice of this 
function becomes another important factor for the thermal 
properties of the substance. Only molecules with no electric 
moments shall be considered. Then the molecular force will be 
a superposition of an attractive and a repulsive force. However, 
the range of the repulsive force is much shorter than that of the 
other. For the densities in question, where the molecules do 
not approach each other closely enough to form clusters of more 
than four molecules for an appreciable length of time, it may 
also be assumed that they do not approach each other closely 
enough for an appreciable length of time to allow a substantial 
contribution to the energy of interaction by the force of repulsion. 
Therefore, ¢ is assumed to consist of energy of attraction only, 
which may decrease proportionally to some power of the distance 
r between the molecules (708,5) 


In = N (: +In + 


where D is the diameter of the molecule, representing the closest 
approach of the two centers. According to the neglect of the 
repulsion, « = 0 for 0 < r < D. Expressing dw in polar co- 


r 
~, we can extend the integration to 


ordinates and writing R = D’ 


infinity and obtain 


4rD3N 
In = N In (: + for [97] 
v 1 


Expansion into a power series of the term under the integral and 
introduction of van der Waals’ term b = ?/;7D®N yields 


2 
Im = N dn E + f 2 + 1) 
v 1 


\' dR 
|..[98 
(98) 
Integration gives 


2b 
In Qmol = — T — 
win v r! nr —3 (=) | 
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If terms of higher order than 3 are neglected, we obtain in first 
approximation 


1 2b €0 
In Qna = N In E + 7 3(n — 1) (2) | 


With the abbreviation 


- 
k 


the contribution of the intermolecular forces to the characteristic 
function is 


1/ 4 \° 
=k ln Qna = R ln E + | {100} 


It is obvious that Equation [100] is a first-order approximation 
for Equation [48], when a = !/;. Thus, the statistical founda- 
tion of the semiempirical relations in section 4 has been derived. 
The quantity @ has the invariable value '/;. The complete 
characteristic function is now 


= Wein (T) + Vint (1) + Vma + R (: + In [101] 
The contribution of the molecular forces to the internal energy 
of a system of N molecules is 


OV moi 


Umo = T? Tv? [102] 


where the prime denotes the differentiation with respect to the 


argument. The pressure of the system is obtained as 
ow RT 1 T? 
p=T + 3 {103} 


From Equation [103] follows 
1 
po? = + (To'/*) 


or 


po = F(Tv”) = 


which is equivalent to Equation [10] of the paper. 


Furthermore, from Equation [103] 
1 
RT = 3 W'moi(Tv'/*) 
Substitution of Equation [102] gives 


pv — RT = 


Umol 


wine 


which is Equation [15] of the paper. Consequently, we have for 


all molecules 


The assumptions made in the paper regarding the internal energy 
of the system are maintained. The necessary corrections due to 
the new definition of @ are: 


Equation [16]...... u 


> 
ll 


Equation [17]...... 4pv + ose + 


[106] 
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Equation [21] 


Equation [22] 


where f, is the number of degrees of freedom of the fully activated 
rotational energy: 


For monatomic molecules............. 
For linear molecules 
For polyatomic molecules............. 


Further corrections are: 

f R ln T 
-—3 

RT 


Equation [33] add + 


Equation [34] add + 


Equation [35] add + f +lnT) 


The Joule-Thomson coefficient of a perfect vapor is obtained 
from Equation [32] by differentiation as 


T 1 


The changes affect the relations for the adiabatic curve in section 
7 of the paper. By substitution of Equation [105] into Equa- 
tion [1] follows for ds = 0 the equation of the adiabatic curve 
of the perfect vapor 


+ - 


3T 


for monatomic vapors (duos. = 0; f, = 0) 


for polyatomic vapors (f, = 3) 


dx 


In Equations [110] to [113], the left side depends upon @ only, 
while the right side depends upon T only, which makes the 
integrations practicable. 

The carbon-dioxide example in section 3 requires conversion 
into the correct properties of state T'v'/? and pv‘/*. The correct 
diagram in these properties is shown in Fig. 16. 

It has been found that there are vapors the p, v, T data of 
which can be represented by a single curve in x, 6 coordinates, 
even when the assumptions made in the statistical derivation are 
not fulfilled. In this case, the equation of state becomes purely 
empirical. The points of state of steam, which consists of mole- 
cules with large electric moments, coincide surprisingly well in 
a single curve. In Fig. 17, the values of the empirical constant 
4 are plotted, calculated from Equation [32] for all states in the 
International Steam Tables of 1935. For each state, the highest 
and the lowest values for v, according to the allowed tolerance, 
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have been substituted in the equation, and pertaining values 
4 are connected by a bar in the diagram. If a line is traced 
across the diagram at % = 136.5, it will intersect with about 
two thirds of all bars; which means that Equation [32] with 
4 = 136.5 will satisfy the respective states within the limits of 
the tolerance. For the remaining one third, the deviation is, 
with the exception of the highest pressures, very slight. It must 
be realized, that the tolerance varies only between +1 and +2 
parts in 1000. 

According to the title of the paper, this study is confined to 
the vapor region of fluids. In common usage, a state consider- 
ably above both critical pressure and critical temperature is 
referred to not as a vapor but as a compressed gas. These states, 
as well as liquids are not a subject of the paper. Nitrogen at 
zero © and pressures of hundreds of atmospheres, therefore, 
cannot be a criterion for the validity of the perfect vapor rela- 
tions. The Joule-Thomson coefficient, according to Equation 
[109], always yields positive values. In so far as the author is 
aware, this is always the case in the vapor region, and the inver- 
sion of the Joule-Thomson effect occurs in a region far remote 
from condensation. Furthermore, it is mentioned in section 3 
that the perfect vapor relations apply only to densities not 
higher than about one half the density in the critical point. The 
reason for this is evident from the statistical derivation. Th: 
perfect vapor method is intended to furnish preliminary informs- 
tion on the properties of vapors when experimental data are 
scarce. The examples in the paper show that at least fairly 
accurate results may be expected, and the experience available 
up to the present is encouraging. 

The author greatly appreciates the interest shown by so man) 
discussers and hopes that each of them may find the desired 
information in this closure. 
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The Combustion of Waste-Wood Products 


By H. W. BEECHER! anv R. D. WATT,? SEATTLE, WASH. 


This paper is not intended to be a rigorous argument or 
a scientific treatise advocating any particular procedure in 
producing steam from the combustion of wood waste, but 
rather the compilation of essential facts made apparent 
by many years of experience in dealing with this rather 
abstruse subject. 


HE waste products resulting from the manufacture of 

lumber, plywood, or cellulose for conversion into pulp are 

available as fuel. Manifestly, any portion of the log which 
can be economically converted into more valuable material should 
neither be classified as waste wood nor used for fuel. Sawdust 
and shavings can be handled for burning without further process- 
ing. Slabs, edgings, trimmings, and other waste products require 
further size reduction to prepare them for rapid combustion, easy 
transportation, and convenient handling. Such material is 
usually processed by a mechanical masticator, commonly known 
asa “hog.’’ The product so obtained, together with sawdust and 
shavings, forms a mixed fuel called “hog fuel.” The term “hog 
fuel” will be used to describe the waste-wood products dealt 
with in this paper, whether they be sawdust, shavings, or a 
mixture of these with hogged materials. 


Economic ASPECTS 


The cheapest power for operation of a sawmill is energy gen- 
erated from steam produced by burning the resulting waste ma- 
terials. This waste must be removed or destroyed and is available 
to the producing sawmill without transportation costs. Whenever 
sawmills are not located within economical transportation dis- 
tance from external hog-fuel markets, large investments in refuse 
burners are necessary in order to dispose of excess waste fuel. In 
a country with an abundance of cheap hydroelectric power, fuel 
must be inexpensive to permit steam-plant competition, except 
where steam is required for process. 

The mill production cost for the hogged portion of fuel is from 
10 cents to 15 cents per unit, largely made up of power, operation, 
and maintenance expenses of the hogging equipment. The mill op- 
erator should receive a reasonable return on his investment and, 
if possible, secure a profit on his waste material. Prices charged for 
hog fuel vary from 50 cents to $1.50 per unit at the producing mill, 
depending upon the supply and demand and not upon the cost 
of production. If a mill is isolated from the market in a com- 
munity where the other fuel-consuming activities also produce 
hog fuel as a by-product, there is competition for the consuming 
market and the mill operator must then be satisfied with smaller 
returns. Conversely, if the producing mill is located in an in- 
dustrial center containing fuel-consuming plants which are not 
producers of fuel, an absorbing market is available, permitting 
the mill operator to secure a profit on his waste materials. In 
recent years the revenues from hog-fuel sales have represented a 
large part of the total profits of many mills. 

The large volume and weight of hog fuel per available Btu 
makes the transportation cost loom large in the total cost to the 
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consumer. The economical marketing zone is limited by trans- 
portation costs. Frequently, greater cost is involved in trans- 
portation and handling than the actual price paid by the con- 
sumer to the producer for the fuel at the point of manufacture. 
In spite of high transportation costs, hog fuel is generally avail 
able to the consumer at a cost per million Btu, comparing favor- 
ably with the costs of other types of fuel in the lowest-fuel-cost 
areas of the United States. Hog fuel is, therefore, the principal 
fuel used in the Pacific Northwest for steam production. 

The high moisture content of hog fuel materially reduces the 
obtainable thermal efficiencies of boiler plants, as compared with 
the efficiencies secured with other fuels. This necessitates com- 
parison of hog fuel with other fuels on the basis of their relative 
cost per available Btu. Many consumers of hog fuel pay as little 
as 50 cents a unit, delivered. In other Northwest plants the hog- 
fuel cost reaches $3.50 per unit. A unit of hog-fuel measurement 
occupies 200 cu ft. An average unit of hog fuel will contain ap- 
proximately 20,000,000 Btu. Boiler-plant efficiencies with hog 
fuel vary, depending upon the type of installation, the percentage 
of rating at which the boiler plant operates, and whether air 
heaters are installed for recovery of additional heat from the 
boiler gases. These efficiencies vary from 45 per cent on the 
poorer installations to 65 per cent on the more modern and better 
equipped boiler plants. 

To indicate the general low cost of hog fuel for the production 
of steam, it may be noted that with 60 per cent efficiency the 
available heat per average unit would be 12,000,000 Btu. Ata 
cost of $1 per unit, the corresponding cost of steam production 
would be 8'/; cents per million Btu input. With fuel oil costing $1 
per bbl and with 83 per cent boiler efficiency, the heat available 
in steam would be 5,200,000 Btu per bbl and the corresponding 
cost per million Btu input would be 19 cents. With coal having a 
heat value of 12,500 Btu per lb and costing $4 per ton and with 
an average boiler efficiency of 80 per cent, the corresponding 
cost of steam per million Btu input would be 20 cents. This com- 
parison indicates that, in so far as a consideration of the combustion 
of hog fuel is concerned, a low-cost fuel is involved which has not 
yet encouraged the engineering research or the capital investment 
which would be warranted were it a higher-priced commodity. 


MEASUREMENT OF Hoc FUEL 


Neither buyers nor sellers of hog fuel have been willing to 
spend money to measure accurately fuel having such low cost 
per million available Btu. The seller has not had competition 
from fuels other than hog fuel from competing mills, as this fuel 
has been used principally in localities where neither oil nor coal 
has been competitive. The buyer, realizing the economic ad- 
vantage in using hog fuel, as compared with other available fuels, 
has been unmindful of the advantages to be obtained by purchas- 
ing scientifically and determining the actual fuel values obtained 
for his dollar. 

To compare and purchase on an available Btu basis one must 
purchase by weight, rather than by measurement, and make 
proper corrections for average moisture content. The simplicity 
and comparatively low cost of volumetric measurement has de- 
layed the adoption of the more scientific system. The general 
adoption of volumetric measurement dates back 30 years when 
hog-fuel prices were yet lower than those prevailing today. The 
“unit” on which most hog fuel is purchased and sold contains 
200 cu ft (material and voids) irrespective of the compacting of 
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the fuel brought about by the shape, size, or handling of the 
measuring containers. The process of mixing hog fuel and saw- 
dust, in which the sawdust tends to fill the voids, provides greater 
fuel content per unit of measure. No allowance or credit is 
ordinarily given by the buyer for the greater number of Btu 
in a compacted unit. As a result, there is wide variation in the 
heating value per unit as sold. Another element of variation 
which is waived with the present measurement basis is moisture 
content with its serious effect on the availability of the heat 
units. With the present measurement basis, a buyer may obtain 
more heat per dollar from a unit for which he pays $1.50 than from 
another unit for which he pays only $1. The development of 
weighing-belt scales shortens the time until much of the hog 
fuel used in large plants will be weighed and, with proper moisture 
determination, be bought, sold, and compared on a Btu basis. 


AVAILABILITY OF WASTE-Woop FUEL 


As long as lumber is cut from logs, there will be waste for which 
the primary market will be among the consumers of cheap fuel. 
A detailed survey by the Forest Service and reported by Allen 
H. Hodgson showed that, in the manufacturing of slightly over 
10,000,000,000 fbm of green, rough-sawed lumber in the Douglas 
fir region in the year 1929, over 619,000,000 cu ft of solid-measure 
normal sawmill waste was produced. An analysis of the total 
volume of 1,354,000,000 cu ft of sound wood in the logs showed 
that approximately 67 per cent (911,000,000 cu ft) was converted 
into green, rough-sawed lumber; nearly 19 per cent (261,000,000 
cu ft) became slabs, edgings, and trimmings; the balance, 14 
per cent (191,000,000 cu ft) was sawdust. In addition to the 
sound wood there was approximately 167,000,000-cu ft solid 
measure of bark. This indicates that of the solid-wood material, 
inclusive of bark represented by the logs as delivered to the saw- 
mill, 41 per cent is so-called “waste” and available for fuel. 

We have been unable to find the result of any studies made to 
determine the percentage of solid wood in the tree represented 
by the solid wood in the saw logs. It is well known that the 
tops and branches cannot be economically handled, transported, 
and utilized for the production of lumber, as the available wood 
content, when converted into lumber, will not bring sufficient 
revenue to the mill to cover the cost of removing this material 
from the forest. The branches and tops left in the forest are a 
fire hazard and, if the cost of handling and removing them ap- 
proached the price obtainable for the materials produced, they 
would be removed by the mills at a loss rather than be left in the 
forest as a menace. Itis reasonable to assume that the material 
left in the forest is sufficient to make up the difference between 41 
and 50 per cent, and to state broadly that, of the wood content 
of the average tree as logged and utilized in the Northwest, less 
than 50 per cent is converted into lumber and its allied products. 
The balance is an economic waste except for the value recovered 
as fuel. 

While there may be some slight improvement in utilization, 
the greatest encouragement for the conservationist comes from 
the possibility of chemically treating selected portions of existing 
waste for production of cellulose products. Another field is 
fermentation and production of alcohol. A third utilization proc- 
ess is destructive distillation which would give charcoal, numer- 
ous by-products, and some steam for power production by burn- 
ing the gas after cleansing of by-products. All these possibilities 
justify the statement that, as long as sawmills in the Northwest 
are operating at reasonable capacities, hog fuel in abundance will 
be available for industrial use. 

There will remain a wide price range to the consumer at his 
place of use. As a consumer goes farther afield to secure his fuel 
in competition with other consumers, the more fortunately lo- 
cated sawmills with lower transportation costs will raise their 
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prices and derive greater profits. Greater consuming markets 
will advance the prices so that small mills, beyond the zone of 
economical transportation at present fuel prices, will be pro- 
vided with a market for materials now destroyed in refuse burners. 
Such destruction, while wasteful, is necessary without a market 
for this material. 


TRANSPORTATION OF HoG FUEL 


Where water transportation is available without rehandling, 
it is by far the cheapest method of moving hog fuel. Hog fuel 
is towed on barges as great a distance as 350 miles. 

In certain localities, transportation must be by rail in specially 
fitted cars. Tariffs are either per car or per 100 lb weight. In 
either case it is desirable to have car contents a maximum. Cars 
are constructed with sides extending to maximum clearance 
height for the division in which they are to operate. A 50-ft car 
may be constructed to handle 35 units. However, most cars 
carry from 20 to 30 units. 

The use of trucks for hog-fuel transportation is increasing. 
Special bodies carry from 4 to 6 units where regulations will 
permit. They load by gravity from bins, or conveyers, and are 
fitted with power dumps by which they are discharged into hop- 
pers. Truck-transportation cost is dependent upon the length 
of haul which affects the portion of hourly truck and driver costs 
chargeable to each unit of hog fuel. 

Each transportation problem must be independently treated 
to obtain the least possible cost. No set schedule of probable cost 
can be suggested as generally applying to any of the three 
methods outlined. 

In rare cases, the hog-fuel-producing plant is situated near a 
consuming market and very low transportation costs can be ob- 
tained by use of belt conveyers between plants. 

Except where necessary to elevate fuel steeply or to take off 
at several intermediate points, belt conveyers should be used. 
Even with multiple-point discharge, it frequently becomes de- 
sirable to use trough belts with traveling trippers or flat belts 
with unloading slices rather than to install scraper conveyers. 

Belt conveyers are cheaper to operate than flight conveyers 
as they require less power, attention, and maintenance. Where 
belt conveyers cannot be conveniently installed, it is necessary 
to use special scraper or drag conveyers. All boiler-feed conveyers 
should be provided to convey more than current requirements and 
to return surplus to supply source, rather than to attempt regula- 
tion of the conveyed fuel supply in synchronism with fuel con- 
sumptions. 

The amount of fuel storage required depends upon reliability 
of supply, possible interruption to transportation, and the neces- 
sity of avoiding plant outage. Plant consumptions, load factors, 
and operating intervals also affect the amount of storage which 
should be provided. The possibility of using oil or other more ex- 
pensive fuel for emergency operation, with its attendant higher 
fuel cost, should be weighed against the fixed charges on average 
hag-fuel storage and recovery systems. 


HEATING VALUE 


The high percentage of oxygen in wood reduces the heat con- 
tent per pound as it is combined with carbon and hydrogen to 
form carbohydrates and, therefore, the total heat of combina- 
tion of the combustibles is not all available. The manner in which 
these three elements are combined is not definitely known and 
the use of Dulong’s formula, as applied to the ultimate analysis 
of wood, will not result in a Btu value corresponding to that ob- 
tained from calorimetric determinations. Hog fuel as normally 
delivered to the furnaces contains a high percentage of moisture. 
A portion of this is extraneous moisture, either resulting from wet 
logs, water lubrication of saws, or rain when fuel has been ex- 
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posed. Most of the moisture, however, is in the cellular structure 
of the wood. The fuel, as received from the average sawmill, 
contains material with high moisture content from the sap wood 
of the log, material with a medium moisture content from the 
heartwood, and material with comparatively low moisture 
content from wood dried in commercial dry kilns. 

In computing combustion results, moisture determinations are 
reported as the percentage of the total weight of wood and mois- 
ture represented by the moisture. This means that fuel contain- 
ing 50 per cent moisture contains 1 lb of water per lb of dry fuel. 
With the high oxygen content of wood there would be 1'/, lb 
of water per lb of combustible. If the oxygen were combined with 
the hydrogen, as assumed in Dulong’s formula, 50 per cent mois- 
ture in the fuel would correspond to approximately 2 lb of water 
per lb of ununited or available combustible. It is interesting to 
note, when the moisture content is increased from 50 to 60 per 
cent, the weight of moisture in the fuel is increased from 1 to 1'/2 
lb per lb of dry fuel. The hog fuel used in industrial plants of the 
Northwest will average from 25 per cent moisture, when princi- 
pally kiln-dried material, to from 57 to 60 per cent moisture when 
largely green hemlock. 

The available heat in hog fuel is a function of the moisture 
content. The heat necessary to raise the temperature of the wet 
fuel to 212 F, evaporate the water, and superheat the vapor to the 
exit-gas temperature is not available for steam production. This 
accounts for a substantial portion of the total losses in hog-fuel 
combustion. 

All species of wood considered herein have approximately the 
same heating value on a bone-dry basis which will average 8900 
Btu per lb of dry wood. However, some species are better fuels 
than others. Hemlock is not as good as fir. Spruce is better 
then hemlock, but poorer than fir. Cedar is a light fuel and re- 
quires a specially designed furnace for good results. Hemlock, as 
ordinarily available as fuel, has a high moisture content and does 
not readily part with its moisture. At least 20 to 25 per cent 
more capacity can be obtained from given furnaces and combus- 
tion chambers with fir fuel having about 45 per cent moisture 
content than with hemlock having 57 per cent moisture. 

The heating value of stored hog fuel varies with the time in 
storage. Storage of hog fuel in the open decreases available Btu 
in fuel faster than storage under cover. This loss of heat value is 
attributed to slow oxidation which takes place at low tempera- 
tures. Cultures have been made from samples of hog fuel after 
storage over a considerable period which show an indication of 
molds and other wood-destroying fungi. These reactions are 
exothermic and the heat is lost. 


COMBUSTION 


Coal and oil in age-long processes have both been formed from 
vegetable matter. All wood, coal, and oil contain the same 
elemental combustible materials; these elements are, however, 
combined in different ratios. A typical ultimate analysis of wood 
is as follows: 


Per cent 
0.04 


Through the ages, during which coal and oil have been sub- 
jected to heat and pressure, much of the oxygen and moisture 
originally contained in the wood or other cellulose matter from 
which they were formed have been driven off, leaving a greater 
concentration of combustibles. 

Nearly 45 per cent of the dry weight of wood, independent of 
the species, is oxygen. The hydrogen-to-carbon ratio in wood is 


of the same order as in oil and, therefore, for the same excess 
air, the percentage of water vapor as compared to dry gases will 
be approximately the same for these two fuels. Coals, as a rule, 
have much lower hydrogen-to-carbon ratios and, therefore, give 
combustion gases containing lower percentages of moisture. The 
heating value of the fixed carbon in wood fuel amounts to from 
15 to 20 per cent of the total heat in the fuel. The high moisture 
and volatile contents of hog fuel delay combustion which proceeds 
as follows: 

1 The driving off of the moisture content and raising the wood 
to a temperature at which volatiles will be driven off; 

2 The actual distillation of volatiles; 

3 The combustion of the fixed carbon. 

The high oxygen content of wood with its low nitrogen con- 
tent reduces the percentage of nitrogen in hog-fuel flue gas. Coal 
of typical analysis, if completely burned without excess air, would 
produce 18!/2 per cent CO, in the combustion gases; similarly, 
oil of typical analysis, if burned without excess air, would pro- 
duce 15'/, per cent CO; wood of the typical analysis quoted 
will give, if completely burned without excess air, approximately 
20 per cent COs. 

The wood itself contains but little noncombustible in the form 
of ash; however, hog fuel as normally fired may carry with it 
appreciable quantities of ash-forming material in the nature of 
extraneous matter embedded in the bark or wood fibers and not 
removed in preparation, transportation, and handling. This may 
consist of small pebbles, sand, and shells. Logs which have been 
transported in salt water give off gases containing salt fume which 
assists in lowering the fusion temperature of the noncombustible 
and accelerates the deposit of slag on boiler tubes. 

With deep fuel beds, most of the fixed carbon, undoubtedly, 
leaves the fuel bed as carbon monoxide where it unites with addi- 
tional oxygen to burn to the dioxide. The incandescent carbon 
adjacent to the grates burns to the dioxide and then, in passing 
further through the incandescent carbon, is reduced to the mon- 
oxide. 

In the cellular type of furnace, it is important to provide 
secondary or overdraft air. The conical pile of fuel is too thick, 
except around its edges, to pass the necessary air for rapid com- 
bustion. The closing of secondary-air admission ports, resulting 
from too thick a fuel bed, is quickly evident in the smoking of 
furnaces. The admission of overdraft air through the grates in 
the front of the furnace with little resistance to the passage of 
such air decreases the negative pressure in the furnace and lowers 
the required average draft throughout the setting. Any decrease 
in required draft is desirable to avoid infiltration in the convec- 
tion sections where excess air decreases the efficiency of the 
boiler. 

The standard method of feeding fuel to flat-grate cellular-type 
furnaces is through feedhole openings located in the furnace roof, 
the fuel being transported to the furnace through chutes. Rea- 
sonable precautions are necessary to limit the amount of air enter- 
ing the furnace through these chutes; any air so admitted de- 
creases the air to the preheater and also results in furnace strati- 
fication. In spite of such precautions, the falling fuel produces 
an injector action and entrains considerable quantities of air. 


DEsIGN OF FURNACES TO BurN Hoa FuEL 


The problems of proper combustion of hog fuel are greatly in- 
creased by the necessity of providing furnaces suitably designed 
for fuels varying in size from dust to pieces having 3 to 5 cu in. 
of content and for fuels of variable moisture content. Frequently, 
slugs of dry and highly combustible fuel are followed by slugs of 
wet fuel which form a damp blanket on the fuel pile.- In the 
case of hopper-fired sloping-grate furnaces, one side of a hopper 
may contain dry fuel and the other side wet fuel. 
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The designer must provide furnaces to handle properly the wet 
fuel and, at the same time, not to punish unduly refractories dur- 
ing the periods in which only dry fuel is fed. To produce the best 
average combustion conditions, much study has been given to 
the use of sloping-grate furnaces where the fuel is admitted in a 
comparatively thin and uniform layer over a drying hearth, in 
which portion of the furnace reflected heat is utilized to drive off 
the moisture and start the distillation process necessary before 
the fixed-carbon content of the fuel can be ignited. Following this 
section of the furnace, the fuel flows over grates and, as the 
volatile content is driven off, combustion of the fixed carbon is 
maintained by the air passing through the grates and fuel bed. 

Theoretically, such furnaces would be preferred to flat-grate, 
conical-pile furnaces with which by far the greatest number of 
hog-fuel-fired boilers are equipped. Practically, difficulties are 
encountered with sloping-grate furnaces caused by: 

1 The fuel not being uniform in size and, therefore, containing 
streaks, or pockets, of greater density than adjacent areas, leading 
to the formation of blowholes through the fuel. 

2 The fuel, not being of uniform moisture content, leads to 
the formation of areas in which distillation and ignition proceed 
more rapidly than in adjacent areas, thus resulting in the same 
formation of blowholes. 

With a fuel as light as wood, particularly after the moisture 
and volatiles have been driven off, leaving charcoal cinders, these 
blowholes lift the cinders from the grates, depositing them at 
the foot of the sloping section and, in their formation, prevent 
the fuel from above the blowhole cascading to cover the hole. If 
too great ashpit pressures are used, this formation of blowholes 
is accentuated. 

The accumulated charcoal cinders at the toe of the sloping 
grates affords such high resistance to the passage of air that in- 
sufficient air passes through this material. This prevents the 
combustion at the toe of the grate proceeding with sufficient 
rapidity to obtain high ratings per square foot of grate area, as 
the limiting rate for inflow of fuel over the drying-hearth section 
is the rate at which the fixed carbon can be consumed at the 
lower end of the grate. Even though sloping-grate furnaces have 
been tried in the Northwest with 15 to 16 ft of total length, ob- 
tainable capacities per foot of width of furnace have been less 
than those possible with well-designed furnaces of the so-called 
cellular type. As a result of the greater capacity obtainable in 
the latter furnace, most of the installations made in recent years 
have been of this design. 

It is possible that extremely long sloping furnaces with special 
means for controlling the rate of feed and for cleaning the ac- 
cumulated slag at the toe of the grate, with controlled and zoned 
air supply, could be developed to give results comparable with 
those obtained with a flat furnace. Such an installation would 
involve capital expenditures which do not appear to be com- 
mercially justified, as they could not improve materially upon 
the efficiencies obtained with the present flat cellular-type fur- 
nace. An advantage of the cellular type of furnace is the ability 
to operate a boiler at reduced rating while burning down and 
cleaning the slag from the grates in one of the multiple cells. 
Cell-type furnaces are constructed with widths for individual cells 
ranging from 61/2 to 81/2 ft, which appear to be the economical 
limits of conical piles to be covered by single feedholes. 

The combustion-chamber volume, gas-travel length before 
convection surfaces, and the cross-sectional area of combustion 
space are related and important in hog-fuel combustion. In 
comparable installations, the gas weights with hog fuel are ap- 
proximately 1.7 times the gas weights with oil, and approximately 
1.25 times the gas weights with coal. This increased gas weight 
results in lower combustion-chamber temperatures which are 
further reduced by the high moisture content of the hog-fuel 
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gases. The decreased temperature does not entirely offset the 
increased gas weights and larger cross-sectional areas are required 
when burning hog fuel to give comparable velocities in the com- 
bustion space. These factors make it essential to provide larger 
combustion spaces with hog fuel than with other fuels. 

With the modern boiler installation, the increased capacity 
obtainable with preheated air has been largely responsible for 
the installation of preheaters rather than any gain in efficiency 
resulting from their use. When a preheater installation is 
charged with the extra capital, operating, and power costs, made 
necessary by the installation of forced- and induced-draft fans, 
and the necessary gas and air ducts, the low cost per Btu of the 
fuel precludes the justification of air preheaters on a strictly fuel- 
saving basis. With hog fuel it is impossible to obtain as low exit- 
gas temperatures from air preheaters as with other fuels. The 
high exit-gas temperatures, in part, result from the fact that only 
75 to 80 per cent of the air required for combustion can be passed 
through the air preheater. 

With the general introduction of water-cooled combustion 
chambers in an endeavor to reduce brickwork maintenance, the 
addition of the preheater has been found desirable in order to 
decrease the size of the combustion chamber and the length of 
gas travel necessary from the furnaces to the convection surfaces. 

The use of preheaters has made it necessary to use water- 
cooled grates to avoid excessive grate maintenance. Water-cooled 
grates have also proved desirable to facilitate grate cleaning. 
The slag formed from the foreign matter brought in with the 
fuel does not adhere tenaciously to the water-cooled grates: 
whereas, with uncooled grates, it is removed with difficulty. 
Several designs of water-cooled grates have been developed for 
this service. The heat absorbed in the cooling water is low- 
potential heat and must be subtracted from the heat available 
for the production of steam. In many installations the heat ob- 
tained in grate-cooling water is used to heat condensate, or 
make-up water, in this manner supplanting heat which would 
otherwise be supplied by bled steam which had produced power 
or by the exhaust from noncondensing auxiliaries. It is, therefore, 
important in the design and construction of water-cooled grates to 
provide an arrangement for cooling which will extend the life of 
the grate, provide for easy cleaning, and, at the same time, ex- 
tract from the grates and from the preheated air passing throug): 
them a minimum amount of this low-potential heat. 


Driers 


Hog-fuel driers offer attractive potential savings to the power- 
plant operator. The flue gas leaving an air heater at approxi- 
mately 500 F contains sufficient heat to remove about '/: lb of 
water per lb of dry wood without dropping the temperature of 
the gas so low that condensation difficulties will arise. In addi- 
tion to the savings, the drying of hog fuel gives considerably in- 
creased capacity per square foot of grate. 

Although hog-fuel driers seemingly have a broad field, tlic 
volume of fuel to be dried per available Btu makes necessary « 
drier of such large physical dimensions that the fixed charges and 
the operating and maintenance expenses make it difficult to justify 
the investment. 

Several different types of hog-fuel driers have been proposed 
and tried in this country and abroad, but the authors do not know 
of any design which has proved completely satisfactory. There 
is a definite field for a satisfactory hog-fuel drier, but until all of 
the mechanical difficulties with the prevailing designs can be 
successfully solved their use will not become extensive. 


CINDER NUISANCE 


The cinder nuisance from hog-fuel-burning plants has increased 
with higher firing rates required in the modern high-duty boilers 
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equipped with forced- and induced-draft fans and air preheaters. 
Modern hog-fuel-burning plants are providing either mechanical 
separators or flue-gas washers for cinder removal. Starting with 
the use of large single cyclone dust separators, with relatively 
poor efficiencies on the fine light cinder particles, the necessity 
of securing better cinder elimination has led to a trial of various 
designs of mechanical devices, and to the development of special 
wet gas washers. 

There is but little information available concerning the dust 
loadings of boiler-exit gases. At recent biddings by prominent 
boiler manufacturers, great divergence in the assumed _ per- 
centages of unconsumed combustible showed that there was 
apparently no actual knowledge of the dust loadings to be ex- 
pected. Bidders allowed as low as 0.25 per cent unconsumed com- 
bustible loss, while others allowed as much as 7.5 per cent. Some 
bidders gave constant percentages over the entire range of rat- 
ings, although it is evident that the unconsumed-carbon loss in 
the flue gas will increase with the rate of firing. 

Recently, extensive and carefully conducted tests have been 
made by one of the country’s foremost manufacturers of gas- 
cleansing equipment. Tests were made at various rates of opera- 
tion, with and without preheat on distinctly different types of 
boilers. These tests will give the first authentic data on the dust 
loadings in flue gases of hog-fuel-fired boilers under variable con- 
ditions of firing, fuel, and rating. Unfortunately, this informa- 
tion is not as yet available to the public. The cinder problem 
when burning hog fuel at high firing rates isa real one. The in- 
dustry may expect valuable information affecting the best means 
of cinder collection from such tests and the developments result- 
ing therefrom. 


OF WASTE-WOOD PRODUCTS 181 


BorLer 


A high and narrow boiler is less expensive than a low and wide 
one of equal heating surface. The problems of boiler-plant design 
are not so much the provision of heat-absorbing surface as in ob- 
taining suitable furnaces for combustion of the wet fuels at high 
rates per unit area of furnaces. Tandem furnaces do not operate 
as well as furnaces with a single feedhole per cell. Any boiler 
should have a minimum of two cells to permit carrying part load 
during grate-cleaning periods, while three cells permit carrying 
greater loads during such periods. Boiler plants with several 
boiler units can use fewer cells per unit without material loss of 
plant capacity. Many installations have furnaces splayed to a 
greater over-all width than the boiler to permit greater furnace 
capacity with narrow boilers. 

Numerous factors affect the capacity obtained from hog-fuel- 
fired boilers. The following table is intended to indicate in a 
general way what capacity should be expected from a well- 
designed furnace cell of the general dimensions used in modern 
installations in the Northwest. Values are given for cells with 
and without preheat and with good fuels of different moisture 
content: 


Moisture in fuel, ——-Btu input per sq ft of grate area 


per cent Without preheat With preheat 
40 680000 850000 
48 550000 690000 
56 400000 500000 


Caution should be exercised in the use of the capacities tabu- 
lated as they reflect what can be accomplished under good condi- 
tions and in properly designed furnaces. 
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Recent Developments in Burning Mid- 
western Coals on Water-Cooled 


Undertfeed Stokers 


By H. C. CARROLL,' CHICAGO, ILL. 


The author points out that there is an increasing trend 
toward one-boiler-unit operation ina single plant. This is 
due to a better understanding of boiler and furnace design, 
feedwater treatment, heat-recovery devices, and fuel- 
burning equipment, all tending to promote increased ef- 
ficiency, greater ease of operation, and greater reliability. 
The application of water-cooling to underfeed stokers can 
properly be compared to the application of water-cooling 
to refractory furnace walls; and it is the author’s belief 
that it will prove fully as beneficial in protecting the grate 
structure of the stoker as has water-cooling proved its 
value in the protection of refractory furnace walls. The 
complications involved in applying water-cooling to 
underfeed stokers are outlined in the paper and numerous 
successful installations using Midwestern coals are de- 


scribed. 


HE first attempt to water-cool multiple-retort under- 
"Tes stokers was made in 1929, where the tuyéres recipro- 

cated. Flexible hose was necessary to supply water to the 
cooling tubes, which proved impractical. In 1933, one Mid- 
western plant found it necessary to burn a cheap strip-mine 
Illinois coal with preheated air, or convert to gas. The multiple- 
retort stoker in this plant had stationary tuyéres which were 
cooled by fixed tubes. These were subsequently extended to pro- 
tect the entire air-emitting surfaces of the stoker. 

These original units were protected by small tubes with forced 
circulation, obtained by taking water from the boiler drum 
through a booster pump, and pumping it through the stoker cool- 
ing tubes and back to the boiler drum. Later designs embodied 
natural-circulation tubes, connected in the same manner as 
conventional waterwalls. 

At present there are about thirty installations of water- 
cooled stokers in commercial operation. These vary in size from 
35,000 to 225,000 Ib per hr, with a combined steam-generating 
capacity in excess of 3,000,000 lb of steam per hr. These units 
are distributed over a wide area, using a variety of coals from the 
eastern Atlantic fields to Nebraska, including Pennsylvania, 
Ohio, Indiana, Illinois, Kentucky, Iowa, and Kansas coals. 


MIDWESTERN COALS 


Coal which moves into the Midwestern section of the country 
from mines located in this area comes from operations in the 
states of Ohio, western Kentucky, Indiana, Illinois, and Iowa. 
While the Ohio coals are not, strictly speaking, Midwestern with 
regard to geographical location, they bear a relation in rank to 
some of the coals from the Midwestern fields, and are likewise 
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used for industrial purposes there. Table 1 shows in a general 
way the range of coals coming from these fields. 

The approximate tonnages produced during the year 1938, from 
the states mentioned are as follows: 


It will be noted that in general the Midwestern coals are rela- 
tively high in moisture, high in ash, high in volatile matter, low 
in fixed carbon, high in sulphur (except the southern Illinois 
coals), low in fusion, and dry-heat values from 9800 Btu to 
13,800 Btu. Midwestern coals do not stand weathering very 
well, structurally are not hard, and the grindability index is low. 
Most of it is classed as free-burning, noncoking, and, due to its 
high volatile content, easily ignited. 


Burnine Rates 


One of the most important factors in the successful burning of 
Midwestern coals is the rate at which the coal is burned. We 
have adopted the projected area of the grate on the underfeed 
stoker as the area to be used in the calculation of fuel-burning 
rates. 

Where the unit is designed for base-load conditions over the 
entire period of operation, definite burning rates can be estab- 
lished. However, as is often the case in industrial and isolated 
city plants which do not have connections with other plants, a 
range of burning rates must be established which will prove not 
only economical over the entire range of load, but also will pre- 
vent undue maintenance under peak-load conditions. 

Keeping in mind the trend toward the single-boiler-unit 
operation, the water-cooled stoker presents a new possibility in 
this direction, especially where preheated combustion air is 
feasible. 

Without water-cooling on underfeed grates, and using Mid- 
western coals with preheated air, continuous operation at a burn- 
ing rate of 35 lb per sq ft per hr can be maintained conservatively 
with most coals without undue maintenance; and with possible 
periods of from 2 to 4 hr of 38 lb per sq ft per hr during peak-load 
conditions. 

However, with water-cooled grates, this range is increased 
under the same operating conditions to 45 lb per sq ft per hr 
continuous operation; and for peak periods up to 60 lb per sq 
ft per hr of from 4 to 6 hr duration, or longer. 

This means that a much wider range of loads can be economi- 
cally carried without undue maintenance, as a smaller grate area 
can be employed and still have a good efficiency at the lower range 
of loads. 

Where heat recovery is other than in the form of a preheater, 
such as an economizer, and air at normal temperatures is used for 
combustion, this range can be materially increased. In the case 
of the Richmond, Indiana, plant, to be described later, the range 
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TABLE 1 CHARACTERISTICS OF COALS FROM MIDWESTERN FIELDS 
Dry 

Dry fixed Dry 

Moisture, Dry ash, volatile, carbon, Dry sulphur, 

per cent per cent per cent per cent Btu per cent 
3.5- 9 7.0-12 36-42 50-54 12500-13800 2.5-4 
Western Kentucky.. 6.0-10 5.0- 9 35-40 50-55 13300-13800 2.0-4 
6.0-15 6.5-15 37-44 46-55 12400-13400 1.0-5 
7.0-15 7.5-15 35-40 50-57 12400-13400 1.0-5 
Towa. 12.0-20 35-40 35-40 9800-10500 4.0-6 
2.0-12 6.0-16 34-40 45-50 10500-13800 3.0-6 


of load is from 30,000 to 100,000 lb of steam per hr, with a burn- 
ing rate for the minimum load, using Indiana Fifth Vein coal of 
11,250 Btu, as received, of 14 lb per sq ft per hr. At 100,000 Ib 
of steam per hr, the burning rate is 50 lb per sq ft per hr. The 


Fusion 
temp, F 
2050-2500 
2000-2250 
1900-2500 
1900-2500 
1900-2200 
1900-2300 
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7700 sq ft of surface; and a tubular heater of 12,175 sq ft. All 
four sides of the furnace are water-cooled as follows: 
682 sq ft of plain area; rear wall, 290 sq ft of plain area, and 176 
sq ft armored; side walls, 190 sq ft of plain area, with 360 sq ft 


Front wall, 


established operating efficiency of this unit for its load range has 
been at least 83 per cent over long periods of operation. 

Without water cooling and under the same load and conditions, 
an increase of 25 per cent of grate area would be required to hold 
the burning rates down to prevent undue maintenance. With 
the larger grate area required, the over-all operating efficiency 
would be materially lowered, due to very low burning rates at 
the light load conditions. 

Thus it can be seen that the water-cooled stoker has a dis- 
tinct advantage in covering a wider range of load more efficiently 
by being able to employ a decreased grate area. 

An actual comparison of air-cooled and water-cooled stokers 
has been made in the power plant of the Pittsburgh Plate Glass 
Company, Barberton, Ohio, using Ohio coals. The No. 8 unit 
with a water-cooled stoker has been in operation 2 years, and the 
following tabulation gives the performance of this unit over that 
period: 


Air temperature to stoker, F..... See 53 300 
Continuous capacity (maximum), Tb per hr.. .... 200000 
82.8 
72.4 
Full-load capacity for actual steaming time, per cent of 87.4 


The average combustion rate, covering the years 1938 and 
1939, for the No. 8 water-cooled unit was 46 lb per sq ft per hr, 
as compared with 38.3 lb per sq ft per hr for the No. 7 air-cooled 
unit. 

A new water-cooled unit, No. 3, which has been in service since 
April, 1940, will obviously show improved performance over the 
older units. The range of coals used on this unit is as follows: 


Fairmont 5/s-in. N & 8, 13500 
Champion N & S (Pittsburgh Coal Co.), Btu...... 13000 
Ohio No.5 N (Metro), 10500 


No difficulty has been experienced in burning any of these coals 
up to a rate of 60 lb per sq ft per hr. The temperature of the pre- 
heated air is about 350 F. 

It is the opinion of those responsible for the operation of this 
plant that “The water-cooled stoker is equally as satisfactory 
as the air-cooled stoker at approximately 20 per cent higher fuel- 
burning rate, using 350 F air preheat instead of cold air on the 
air-cooled unit.” 


DeEscrRIPTION OF No. 3 Unit 


No. 3 unit of the Pittsburgh Plate Glass Company at Barber- 
ton, designed for a continuous capacity of 180,000 lb of steam 
per hr at 860 psi gage pressure, 761 F final temperature, is a 4 
drum Babcock & Wilcox bent-tube type, containing 15,015 sq 
ft of heating surface; a continuous-tube superheater having 
5200 sq ft of surface; a continuous-loop Elesco economizer with 


armored; total water-cooling, plain area, 1162 sq ft, with 536 sq 
ft armored; furnace volume, 8650 cu ft. 

The water-cooled, 13-retort, mechanical-drive stoker for No. 3 
unit, equipped with a clinker-grinder-type dump, has an area of 
404.3 sq ft, and is designed for a maximum of 350 F. The in- 
duced-draft and forced-draft fans are steam-turbine-driven. The 
stoker was designed for Ohio bituminous coal, having the follow- 
ing approximate analysis: 


Moisture, per Cent... 2.39 
Ash, per cent.. ; 11.16 
Volatile, per cent.. 
Fixed carbon, per cent... 

100.00 


Table 2 gives the results of tests, conducted on the No. 3 units 
described. The tests were made with Ohio No. 8 coal of about 


TABLE2 DATA AND TESTS ON NO. 3 


Test number... 2 
Date of test....... ae Feb. 14, 1940 
Duration of test, hr....... 24 
Steam generated, lb per hr.... 153556 
Proximate Analysis of Coal Fired Per cent 
3.56 
11.90 
Volatile matter........ 38.53 
Heating value, Btu per lb of coal...... 12422 
Combustible (unburned carbon) in refuse, per cent 8.46 
Flue-Gas Analysis at Boiler Outlet Per cent 
CO:.. 13.2 
Or. . 6.03 
co. 0.20 
CO: in flue gas at economizer outlet. 13.01 
CO: in flue gas at air-heater outlet. . 13.01 
Temperatures Deg F 
Steam temperature at superheater out'et 779.8 
Air temperature entering air heater. . 79.5 
Air temperature leaving air heater... 302.8 
Gas temperature leaving boiler....... 695.2 
Gas temperature leaving economizer... 573.5 
Gas temperature leaving air heater...... 369.1 
Feedwater entering economizer........... 222.8 
Water temperature leaving economizer..... 288.7 
Wet-bulb temperature of air entering system. . 53.2 
Steam Pressure 
Header pressure at superheater outlet, psi, abs.......... 858 
Hourly Quantities 
Combustion rate, lb of coal per sq ft of grate per hr..... 45.7 
Heat Balance Per cent 
Heat absorbed by steam and water in economizer, boiler, and 
superheater, including 84.45 
Heat loss due to unburned combustible in refuse.......... 1.30 
Heat loss due to incomplete combustion of carbon (CO)... . 0.81 
Heat loss due to sensible heat in dry gas..............-.. 6.93 
Heat loss due to evaporation of moisture in coal............ 0.35 
Heat loss due to combustion of hydrogen in coal............ 4.12 
Heat loss due to moisture supplied with combustion air. 0.03 
Radiation and unaccounted for losses.................45. 2.01 
100.00 


average quality. The ash has an initial deformation point of 
2100 F, fusion 2200 F, and fluid 2300 F. 
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CARROLL—BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 


TABLE 3 DUST WEIGHTS DETERMINED FROM TESTS CONDUCTED AT IOWA STATE COLLEGE 
Rating 325 Grains Total Grains 
of unit, mesh grains of 325 mesh 
lb Total Flue gas or 5 per 
Date, steam weight, sampled, above, cu ft 
1939 per hr grains cu ft per cent of gas 
23.39 0.0622 0.00818 


12-6 65000 20.9801 ; 3 
0856 0.0915 


12-6 65000 39.1397 27. 
80000 2 20.3707 .6 05 ae . 1448 0.0551 
80000 2 43.71 2.15 ; .136 . 2539 0.0530 
80000 3b 22.8896 18.35 3. 8 . 1359 0.0406 
80000 3> 58. . . 2198 0.0912 
0. 15036 0.05659 


1 

12- 
12- 


2 Two sets impinging bottles used during this run. Weights were added. 


6 Ashpit cleaned during this run. ne : 
Note: These results are with atmospheric conditions, 30 in. Hg and 60 F. 


The results disclose dust loading of '/. of the guarantee specified. 


RESTRICTION OF FLy AsH While we cannot be definite in saying that the water-cooled 

With increasing restrictions by the smoke ordinances regarding underfeed stoker will emit less fly ash than the air-cooled stoker, 
the emission of objectionable fly ash, in addition to smoke re- yet, the fact remains that lower wind-box pressures prevail at the 
quirements, it is necessary to set a limit in specifying the emission — burning nee due ” % — homogeneous fuel bed, result- 
of fly ash from any firing equipment. On underfeed-stoker in- '™% im @ more uniform air distribution, made possible by the 
stallations, without provision other than the usual means pro- cooling of the tuyéres and the absence of adhering clinkers. 
vided in boiler units for the collection of fly ash, we are specifying Through the courtesy of the Chicago Smoke Department we 
that the unit shall have an efficiency of collection such that not “®™ permitted to use their equipment on this test. This equip- 
more than 0.5 grain of dust + 44 mu in size shall be present per 
cu ft of flue gas, measured at 70 F, and 29.92 in. Hg barometer. 

On a recent water-cooled underfeed-stoker installation, fly-ash 
tests over a range of loads were conducted. The coal burned had 


the following characteristics: 


Moisture, per cent 
Ash, per cent. . 
Volatile, per cent 
Fixed carbon, per cent 


Btu per lb 
Sulphur, per cent 
Fusion temperature, F. 
It is recognized that size consist of the fuel has considerable to 
do with emission ef fly ash, especially on some types of firing. 


INTERIOR VIEW, SHOWING SIDE WATERWALLS OF WATER- 
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Coo.ep Stroker, RicHMOND PLANT 


Fig. 2 


ANOTHER VIEW OF THE WATER-COOLED STOKER AND THE 
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WATERWALLS 


Borter Unit No. 4 or tHE Municipat Evectrric 
AND Power PLant, RIcHMOND, INDIANA 


185 
~~ 


186 


The results are 


ment has been described in a recent article.? 
given in Table 3. 


DESCRIPTION AND RESULTS OF WATER-COOLED STOKER UNIT AT 
RicuMonpD, INDIANA, MUNICIPAL PLANT 


Boiler. This Richmond unit, designed for a continuous ca- 
pacity of 100,000 lb of steam per hr at 430 psi gage pressure and 
825 F final temperature, is a Babcock & Wilcox 4-drum, bent- 
tube type, containing 10,112 sq ft of heating surface, with a 
pendant-type superheater having 2218 sq ft of surface, and a re- 
turn-bend economizer of 3350 sq ft. All four sides of the furnace 
are water-cooled, as follows: Front wall, 440 sq ft; rear wall 
142 sq ft with 95 sq ft armored; side walls partially water-cooled, 
126 sq ft, and 306 sq ft armored; the remainder of the upper 
walls is refractory. The total plain surface is 708 sq ft and the 
total armored surface, 401 sq ft. The furnace volume is 5140 cu 
ft. 

Hagan automatic control is installed, together with complete 
instrumentation of the unit. 

Stoker. The stoker is a continuous-dump, 9-retort, hydraulic- 
drive, Taylor water-cooled unit with an area of 255 sq ft, designed 
for a maximum air temperature of 80 F, to burn Indiana coal. 
The induced-draft fan has two motors on the same fan for 2-speed 
control. 

Overfire air from a plenum box, extending across the entire 
furnace width and supplied from the main mud box, is distributed 
above the fuel bed by a series of nozzles inserted through the 
front waterwall tubes. 

This unit was placed in service in March, 1939. The record 
made during a continuous run from August 1, 1939, to January 
22, 1940, when the unit was taken out of service for inspection, is 
given in Table 4. 


TABLE 4 PERFORMANCE OF RICHMOND UNIT DURING CON- 
TINUOUS RUN AUG. 1, 1939, TO JAN. 22, 1940 


Total continuous service, hr...... 4184 
Total steam generated, lb... 

Total coal burned, 
Average evaporation, Ib..... 8.43 


Average heat value of Indiana coal (as fired), Btu........... 11,266 
Total Soon per lb of steam generated (435 lb ant 700 F total 

Bim... 1358 
Heat in to economizer above 32 F (270 minus 

Btu added to steam generated in unit...... ; 1120 
Combined efficiency (entire period), per cent 83.8 
Average steam per hour, lb. 61,500 
Minimum loads as low as, lb....... 25,000 
Guaranteed performance at 75,000 lb of steam per hr, per cent 82.15 


Moisture, andy cent...... 
om. per cent. 


The commercial performance of this unit over the entire op- 
erating period approximates very closely the guaranteed and 
predicted performance set up in the contract. 

A careful inspection of the unit at the conclusion of this run, 

-after having burned 23,000 tons of coal since March, 1939, re- 
vealed no indication of any burning of either tuyéres or tuyére 
supports in any of the nine retorts. The kicker bars and over- 
feed mechanism were practically in their original condition. 
Some indication of overheating was noted on the steplike ends of 
the bars. The dump plates, with the exception of two regions 
about 4 in. diam where they were burned, were in perfect con- 
dition. 

The slagging on the first bank of boiler tubes, which is pro- 
tected by a slag screen, was not enough to interfere with the 


2 “Low-Cost Flue-Dust Sampler,’’ Power, April, 1940, pp. 70-72. 
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TABLE 5 CHARACTERISTICS OF FIFTH VEIN INDIANA 1!/:-IN. SCREENINGS 
Name of coal Hercules Knox 


2.90 
Fusion temperature of ash, F.. 2200 2076 
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draft loss or efficiency. No new stoker parts were installed at 
this inspection, or at any previous inspection. The slagging 
was cleaned up, and the unit returned to service. It has been in 
continuous service ever since, with equal efficiency. 

Six different grades of Indiana Fifth Vein screenings were used 
during this run, and no difficulty was experienced with any of 
these fuels. The characteristics of these coals are given in Table 
5. 

The availability factor for the period from August 1, 1939, to 
April 30, 1940, was 98.4 per cent; the efficiency for the entire 
period was 83.1 per cent. 


TABLE 6 ACCEPTANCE TEST ON RICHMOND UNIT; HEAT 
BALANCE AT GUARANTEED POINT 


75,000 Lb per Hr 
Btu Per cent 


Heating value of fuel, dry basis... . 12892.00 100.00 
Heat absorbed by water in economizer. : 20.84 4.04 
Heat absorbed by water and steam in boiler 8644.08 67.05 
Heat absorbed by steam in superheater. . 1482.58 311.50 
Heat absorbed by steam-generating unit. . 10647.50 82.59 
Heat loss due to moisture in coal............. 168.89 1.31 
Heat loss due to water from combustion of hydrogen. 555.64 4.31 
Heat loss due to moisture in air. 21.92 0.17 
Heat loss due to dry chimney gases ore 1063.59 8.25 
Heat loss due to unburned gaseous combustible my - 
Heat loss due to unconsumed combustible in refuse. — . 198.54 1.54 
Heat loss due to unconsumed 

radiation, and unaccounted for... .. 235.92 1.83 


Total, WOMB... 12892 .00 100 00 


TABLE 7 POWER MEASURED HORSEPOWER 
PUT TO AUXILIARIES 


Load, lb ks steam per hr 50000 75000 100000 
Forced-draft fan. . 29.8 32.0 38.2 
Induced-draft fan... .. 23.0 30.83 67.44 
Hele-Shaw stoker drive 7.0 7.0 7.0 
Total hp input. 59.8 69.83 112.64 
Equivalent kw... 44.9 52.5 84.6 
Tons coal fired per hr.................... 2.80 4.3 5.79 
— per kw per all auxiliaries per ton of coal as 


TABLE 8 ANALYSIS OF ATKINSON COAL 


As fired, Dry, 
per cent per cent 


Moisture 18.27 
10.01 12.25 
Volatile 34.12 41.75 
Fixed carbon. 37.60 46.00 
100.00 100.00 
Sulphur... 2.87 3.50 
Fusion temperature F 1930 F 


Patoka Elberfeld Panhandle Enos 


All of the auxiliaries are electrically driven. The induced- 
draft fan has a low- and high-speed motor. 

The 50,000- and 75,000-lb’ per hr loads on the unit were carried 
by the low-speed motor; and the effect of the high-speed motor 
on the 100,000-lb load is reflected in the higher consumption of 
current per ton of coal fed to the stoker. 


Reports From OrHer Puiants Ustnc MIDWESTERN 


Municipal Light & Power Plant, Fremont, Neb. This plant has 
a water-cooled crusher-roll-type stoker, and is designed to gener- 
ate 75,000 lb of steam per hr at 400 psi gage, and 750 F total steam 
temperature. 


3 As this unit was designed for maximum over-all economy 4t 
75,000 lb, it is interesting to note that the actual results reflected this 
economy at the desired point. 
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The unit is burning Kansas coals originating in the Pittsburgh 
district. Although these coals carry a relatively high Btu, from 
12,400 to 12,700 the fusion temperature of the ash consistently 
ranges between 2000 and 2100 F. 

This unit recently completed a continuous run of 237 days, or 
5670 hours. During that period the combined efficiency was 
83.4 per cent when burning the Kansas coals of approximately 
2000 F ash-fusion point. 

Municipal Light Plant, Greenwood, Mississippi. This plant 
has a 6-retort, 4l-tuyére, water-cooled C.A.D. stoker, having 
the same retort design as now used at Richmond, Ind. Coal origi- 
nating in Webster County, Kentucky, has been used. The 
author has been advised that 11,000 tons of coal have been 
burned without replacement of a single part. 

Iowa Electric Light & Power Company, Cedar Rapids, Iowa. 
This plant has probably burned more Midwestern coal on water- 
cooled underfeed stokers than any plant in the country with 
results reported as follows: 

“Regarding the underfeed stokers referred to, four of these 
stokers were started on Atkinson coal in 1934, and four in 1935. 
This report will show the total amount of coal burned from the 
time the stokers were first started on Atkinson coal until the 
first of the year 1940. The total coal on the eight stokers is 
574,772 tons. 

“In 1935, we installed one stoker of the crusher type, water- 
cooled; and until January, 1940, this stoker burned 82,450 tons. 
The total cost on this particular stoker is 2.226 cents per ton of 
coal burned. 

“The balance of the stokers had considerable work done on 
them last year, which was all on the outside of the stokers, such 
as ram boxes, crankshafts, crankshaft bearings, and gears. We 
did not feel that the total amount of this expenditure should be 
charged against the Atkinson coal, as these stokers were installed 
at least 10 years previous. 

“On these stokers we have tabulated the amount of the ex- 
pense on the inner parts of the stokers, such as pushers, tuyéres, 
tuyére supports, and other items on the inside of the firebox. 
This cost is 4.758 cents per ton, made up as follows: Pushers, 
1.108 cents; tuyéres, 1.827 cents; remainder of stokers, such as 
side frames, dump plates, and other internal parts, 1.823 cents. 

“Some of this cost also includes experimental work with the 
water-cooling system, as we made about four changes before we 
actually achieved the desired results. 

“The average coal-burning rate on the fuel-burning portion of 
the stoker is 42 lb per hr; we have run on a week’s test as high 
as 60 lb per hr. 

“In regard to the date we first started experimenting with 
water-cooling, this was the early part of 1933.” 

Libbey-Owens-Ford Glass Company, Rossford, Ohio. ‘‘The 
Libbey-Owens-Ford Glass Company had three bent-tube boilers 
of 12,500 sq ft area at the Rossford, Ohio, plant. These boilers 
were equipped with water-cooled side and rear walls, and mul- 
tiple-retort underfeed stokers. 

“In order to widen the range of fuels that could be burned, 
it was decided in 1937, to modify these three stokers to include 
water-cooled grates. As a result of these changes, we have 
widened the range of coals that can be burned to advantage, and 
thereby placed ourselves in a better position to purchase any 
coals, 

“We have burned on these stokers, since water-cooling them, 
over 75,000 tons of coal. At times we have operated only one 
boiler, and at other times three boilers, according to the steam 
demand. 

“The ratings normally vary from 75 to 225 per cent; the aver- 
age rating is approximately 175 per cent. The average over-all 
operating efficiency is better than 80 per cent. 


“The stokers installed under boilers B and C have just been 
overhauled at a cost of less than $300 each for material and labor. 
The stoker installed under A boiler will be repaired at a later time. 

“Approximately 50 per cent of the coal burned was Ohio No. 
8 fusing at 2100 F. The remaining 50 per cent was West Vir- 
ginia and Kentucky coal containing ash which fuses from 2400 
to 2600 F. The temperature of the preheated air varies from 
280 to 310 F. We have not had to take a boiler off the line in 2 
years as a result of stoker trouble.” 


ADVANTAGES OF WATER-CoOLED GRATES ON MIDWESTERN 


CoaLs 


Some of the advantages of water-cooled-stoker installations 
burning Midwestern coal, as compared to air-cooled stokers using 
the same fuel, have been noted as follows: 


1 There is more uniform flow of coal, with a consequent 
ease of distribution. 

2 A more homogeneous fuel bed has been noted than with 
straight air-cooled stokers; and better air-distribution results. 

3 The size of clinkers, with proper burning rates for coal, 
has not been objectionable, and they have been easily discharged 
automatically under the bridge wall with continuous-dump de- 
sign. 

4 There is every indication that the maintenance will be 
low. 

5 Indications are that the power consumption is lower. 

6 The range of fuels with low ash-fusion characteristic is 
greater; and the flexibility of fuels is greater. 

7 Test efficiencies are more closely approximated in regular 
plant operation than on the air-cooled stoker because of the ease 
in obtaining high CO, in water-cooled units. 

8 The availability of the unit is materially increased. 

9 With crusher-type water-cooled stokers less artificial cool- 
ing of the ash is required, and, consequently, less moisture put 
into the flue gases. The quick chilling of molten ash particles 
assures a continuous and even flow of fuel. 

10 The water-cooled stoker provides an additional factor of 
safety against careless operation. 

11 A distinct purchasing advantage is obtained in that fusion 
temperature and sulphur content are not limiting factors, as is 
often the case without water-cooling. 

12 Greater latitude of operation. 


Discussion 


T. C. Cueastey.‘ There certainly can be no doubt as to the 
care exercised by the author in securing data to present in this 
paper. Also, I think all of us will agree, the statements he has 
made are conservative and will stand close scrutiny. 

Unfortunately, there has been comparatively little opportunity 
for most of us to see water-cooled tuyéres in operation and we 
must, therefore, draw on our imaginations a good deal to visualize 
the results reported. 

Certain it is that the burning of most Midwestern coals has 
presented problems to the designers of furnaces and boilers as 
well as to operating engineers unless, and except, the burning 
rates have been held at fairly low maximums. 

It is generally conceded that the washing of Midwestern coals 
has done much to improve operation and to reduce stoker and 
furnace maintenance, but it is the opinion of some of us that the 
average coal in the average plant is not being given the oppor- 
tunity to produce its highest combustion efficiency. 


* Fuel Engineer, Sinclair Coal Company, Kansas City, Mo. 
A.S.M.E. 
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By this is meant the frequent departure from fundamentals in 
speaking of stoker operation, and also in actual operation. We 
speak of the “pounds of coal burned per square foot of grate area” 
and, of course, there is no such operation as burning coal in an 
underfeed stoker, i.e., if the stoker is being properly operated. 
A stoker does not burn coal, it converts coal to coke, which is 
burned in progression. The fact that we talk and think in 
“pounds of coal burned” is, in the writer’s opinion, at least in part 
responsible for some of the high maintenance costs mentioned. At 
the same time this condition causes some rather good coals to 
become discredited. 

Extremely high excess air ‘‘at the point of volatile release,” 
is probably largely responsible for this, and the ‘‘average’’ COs, 
shown at the usual point of taking gas samples, does not tell the 
whole story. Undoubtedly, the water cooling of tuyére areas, 
which are exposed to high temperatures, will reduce the build up 
of temperature in the stoker parts, and thus should decrease 
maintenance costs by prolonged life of these parts. However, as 
the writer views the situation, the chief benefits, as stated by 
the author, should be the opening up of greater selections of coal 
with the advantage in many cases of very much lower delivered 
prices and lower steam costs. 


F. S. Scorr.’ Definite and marked improvements have been 
made in underfeed stokers in recent years. It will satisfactorily 
meet the present more exacting requirements of steam-generating 
plants. 

This paper describes the water-cooled stoker and its contribu- 
tion to the art. The idea of water cooling a stoker is not new. It 
isan advancement of the art. Its development has been retarded 
by the physical difficulties which are refiected in the cost. 

The Westinghouse Electric & Manufacturing Company has 
developed the underfeed stoker along different lines from water 
cooling. Our development of the link-grate stoker has made a 
definite improvement in the ability of the underfeed stoker to 
handle Midwestern coals. High efficiency, low maintenance, and 
good reliability are obtained. 

This link-grate underfeed-type stoker was first installed in 1928. 
At first it was only applied with a clinker-grinder-type stoker. 
The continuous-ash-discharge type without a clinker grinder was 
first installed in 1931. At present there are more than 150 con- 
tinuous-ash-discharge link-grate stokers and over 85 link-grate 
clinker-grinder stokers in operation, using all types of bitu- 
minous coals, from those mined in Iowa to the Eastern low-vola- 
tile or Pocahontas-type coals. 

There are 72 link-grate stokers in operation on Midwestern 
coals with a base-load capacity in excess of 5,000,000 lb of steam 
per hr. The peak-load capacity is considerably above this figure. 


BurRNING RATES 


The author expresses the opinion that 35 lb of coal per sq ft 
per hr of projected grate area is conservative for continuous opera- 
tion with air-cooled underfeed stokers using Midwestern coals. 
The writer’s experience indicates that, if such rates are applied 
to link-grate underfeed stokers, it unnecessarily increases the first 
cost and causes difficulties at low loads. 

It is very important that serious consideration be given to burn- 
ing rates on these stokers. The difficulties can be as great with a 
stoker that is too large as with one that is too small. The maxi- 
mum burning rates on underfeed stokers are determined by the 
ability of the fuel bed to stay on the grates. High air velocities 
cause the coal to “blow” or lift from the fuel bed, thereby limiting 
the maximum burning rates. The velocity of the air is deter- 
mined by the quantity flowing through the fixed area of tuyére 


® Stoker Engineer, N. W. District, Westinghouse Electric & Manu- 
facturing Company, Chicago, IIl. 
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openings. The quantity of air flowing, when the excess air is 
constant (or CO,), is in turn determined by the “heat duty” or 
the combustible burned. Expressing ‘‘heat duty” in other terms, 
it is the Btu released from the coal per square foot of projected 
stoker area per hour. 

For many years we have based our engineering on Btu release 
per unit area with due allowance for the agglutinating quality 
of coal which is a measure of its resistance to being blown away. 
Without exception, the predicted combustion rates have been 
readily maintained. 

There are two parts which require cooling when a stoker is 
burning coal, i.e., the grates and the ash adjacent to the 
grates. If the ash near the grates is cooled well below the “sticky” 
state and the grates are also cool, there will be no difficulty with 
the movement of the fuel bed and no burned stoker parts. It is 
a known fact that high velocities of fluids flowing past solids 
cause better heat transfer than low velocities. Therefore, the 
writer believes it to be logical to state that high air velocities 
through the stoker tuyéres, but within the practical limits, will 
cool both the grates and the adjacent ash better than very low 
velocities. This fact has been demonstrated in practice. Where 
stokers have been operated at very low rates or on “bank’”’ for 
long periods of time, the fuel bed becomes loaded with large 
clinkers, the stoker iron can be observed “red hot,” and parts are 
burned. These large clinkers are then difficult to move when the 
load is increased. This indicates some of the dangers inherent in 
selecting a stoker that is too large. 

Stokers can also be selected which are too small. The lack of 
induced draft or insufficient “black” surface exposed to the fire 
in the furnace is the more frequent cause of difficulties with fuel 
beds when the load on the boiler has been increased. It is indi- 
cated that burning rates should not be considered in pounds 
of coal burned per sq ft per hr because a stoker is primarily a 
machine for converting the potential heat in coal to sensible heat 
in gases. Burning rates should be measured by the heat duty or 
the Btu release per square foot per hour. We are interested in 
materials handling only in so far as it affects the efficient produc- 
tion of heat for use by the heat-exchanging apparatus. 

It is thought to be generally considered that 40 lb of coal per 
sq ft per hr of projected grate area is conservative practice for 
continuous loads when using Eastern coal of 14,000 Btu per !b 
as received. This is 560,000 Btu heat release per sq ft per hr of 
projected area. If the same rate in pounds per square foot is 
used for Midwestern coals of 11,000 Btu per lb as for Eastern 
coals, the heat release would be 440,000 Btu per sq ft per hr or a 
reduction of 21.5 per cent in the heat-release duty per square 
foot of projected stoker area. If the same rate of heat-release 
duty is used for Midwestern coals, as for Eastern coals of 560,000 
Btu per sq ft per br, the rate in pounds of 11,000-Btu coal would 
be about 51 lb per sq ft per hr. This shows an increase in material 
passed over the stoker of about 27.5 per cent with no increase in 
the heat-release duty. 

The nature of the constituents of the ash in Midwestern coals 
and their behavior when subjected to furnace conditions indicate 
that the heat duty should be reduced on stokers using them as 
against Eastern coals. Long experience indicates that 21.5 per 
cent reduction in heat duty is considerably greater than is neces- 
sary or economical. 

A 10.7 per cent reduction in the heat-duty rate of 560,000 Btu 
per sq ft per hr to 500,000 Btu per sq ft per hr of projected stoker- 
grate area is conservative. Even though the heat-duty rate has 
been dropped to 500,000 Btu per sq ft per hr, the amount of ma- 
terial passed over this stoker area is increased from 40 lb per sq 
ft per hr to 45.5 lb per sq ft per hr. These figures are quite con- 
servative in that there is a considerable number of stokers which 
are operating satisfactorily at base loads above this point. 


tg 
Ro 
: 
ath, 
] 
| 


CARROLL 


This brief discussion leads to the conclusion that the basic and 
most important item in determining the desirable burning rates 
for stokers is the Btu heat release per square foot per hour of 
projected grate area. 

It has been found that, with Indiana, Illinois, and similar coals, 
air-cooled link-grate underfeed stokers operate best, throughout 
their load range, with a continuous maximum burning rate of 
500,000 to 550,000 Btu heat release per square foot per hour of 
projected area. If the coal has 11,000 Btu per lb, this is a rate 
in pounds of coal material passed over the stokers of 45.5 to 50 
lb per sq ft of projected stoker area. 

Loads of from 4 to 6 hours in duration can be satisfactorily 
carried up to 825,000 Btu per square foot per hour or 75lb of 11,000- 
Btu coal per sq ft per hr. 

Our experience with many stokers indicates that the link-grate 
underfeed stoker can conservatively burn more coal per square 
foot per hour, with all the advantages named by the author, 
than he feels can be justified with the special water-cooled stoker. 
To demonstrate the foregoing point the following examples are 
given: 

One installation of two 7-retort link-grate continuous-ash-dis- 
charge stokers in lowa burns Iowa coal of 8500 Btu per Ib to 
10,500 Btu per lb. The stokers having 178 sq ft of projected grate 
area have been in operation more than 2 years. During the 
last year the maintenance has been less than 2 cents per ton of coal 
burned. The normal continuous load with 10,500-Btu coal is 
40 lb per sq ft per hr or 420,000 Btu heat release per sq ft of pro- 
jected area. The same normal continuous steam output is car- 
ried when this plant burns 8500-Btu coal. The rate with 8500- 
Btu coal is 49.5 lb of coal per sq ft or a heat release of 420,000 
Btu per sq ft of projected area per hr. 

No difficulty has been experienced up to the limit of the in- 
duced-draft fans or 20 per cent above these figures. The ef- 
ficiencies being obtained are approximately the same as those 
guaranteed. 

Another set of installations consisting of five identical stokers in 
three different plants burns various kinds and grades of Indiana 
and Illinois coals of approximately 12,000 Btu. per lb as received. 
The normal continuous load carried on these stokers of 153 sq ft 
of projected area is about 46 lb per sq ft or 550,000 Btu heat re- 
lease per sq ft per hr. The induced-draft fans limit the maximum 
load to a rate of approximately 59 lb per sq ft per hr or 710,000 
Btu per hr of projected stoker area. 

These units have been installed more than 2 years. The 
maintenance for these stokers has been less than 1 cent per ton 
of coal burned. 


EFFICIENCY 


Another point the writer would like to comment upon briefly 
is that of boiler-unit efficiency. A comparison of boiler-unit 
efficiencies of units carrying different pressures and of different 
designs means but little when the discussion concerns firing equip- 
ment only. The efficiency of firing equipment, or the combustion 
efficiency when the coal is the same, depends upon three factors 
which may be varied (1) the excess air in the products of com- 
bustion in the furnace, as measured by the per cent CO:, (2) the 
combustible loss to the ashpit, (3) the soot and cinder loss. The 
greatest of these losses is that in the dry gases or that due to ex- 
cess air, as measured by the per cent CO, in the products of com- 
bustion. 

The author has shown that both the ashpit loss and the soot 
and cinder loss are low with underfeed-stoker firing. He has 
shown in one place the percentage of CO, at the boiler outlet. 
This is for the water-cooled stoker at Barberton, Ohio—it is 
13.24 per cent. 

In the first example previously mentioned in this discussion, the 


BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 


189 


CO, averages 13.5 to 14 px: cent at the boiler outlet, in daily 
operation. 

The second set of installations using Indiana and Illinois coals 
averages 14 to 15 per cent CO, at the boiler outlet, in daily opera- 
tion. 

A modern boiler unit, fired by a link-grate underfeed stoker, will 
produce in excess of 14 per cent CO, at the boiler outlet without 
stack smoke and no use of secondary air at continuous burning 
rates up to 550,000 Btu per sq ft per hr of projected stoker area. 


ADVANTAGES CLAIMED FOR LINK-GRATE STOKERS 


The author indicates that the water-cooled underfeed stoker 
shows certain advantages over similar air-cooled stokers. It is 
claimed that the link-grate underfeed stoker shows advantages 
over other types of underfeed stokers burning Midwestern coals 
as follows: 


1 More uniform flow of coal and, therefore, more even distil- 
lation of gases and burning of coke. 

2 Absence of large clinkers at the rear of the stoker makes it 
possible to burn out more of the combustible before the refuse 
enters the ashpit. 

3 Maintenance is low. 

4 The range of fuels is greater so that the ash-fusion point 
of the coal is relatively unimportant. It is possible to handle 
coal satisfactorily with an ash content of 25 per cent or’more. 

5 Tests efficiencies can be closely approximated in regular 
operations. 

6 Reliability is increased. 

7 High continuous capacities are easily obtained. 


R. L. Swinney.* The author mentions the trend toward one- 
boiler-unit operation in a single plant. This trend is the result 
of the increasing number of steam-generating units which are 
demonstrating their ability to stay in continuous service over 
long periods of time. 

The unit at the Richmond, Indiana, municipal plant is men- 
tioned as having been in continuous service for a period of 175 
days or approximately 6 months. 

There are many other similar records of units burning pulver- 
ized coal, oil, and gas, some of these plants having 100 per cent 
feedwater make-up. 

Progress in the art of feedwater treatment and improvements 
in the design of water-cooled furnaces and fuel-burning equipment 
have made these records possible, but much credit is due the 
operators of plants where such records have been established. It 
is predicted that properly designed steam-generating units will 
be more generally accepted as having dependability for continu- 
ous service approaching that of turbines. 


A. W. Tuorson.’? The author is to be commended for bringing 
the literature up to date on the subject of his paper. It is gratify- 
ing to know that numerous installations of this type of equip- 
ment are performing satisfactorily as indicated by the wealth of 
operating data included in the paper. 

The text and part of the discussion have specified maximum 
combustion rates either in pounds or Btu per square foot per hour. 
The writer would suggest that the safe maximum burning rate 
depends not only upon the heating value of the fuel but to a con- 
siderable extent upon the ash content and the fusion characteris- 
tics of the ash. 

Does the use of the water-cooled stoker bring about any reduc- 
tion in investment costs? It appears that it might, inasmuch, as 
steam-generating capacity is increased by the stoker-cooling tubes 


6 Sales Engineer, The Babcock & Wilcox Company, Chicago, Il. 
7 Assistant Fuel Service Engineer, Chesapeake and Ohio Railway 
Company Mem. A.S.M.E. 
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and the cost of the stoker itself is probably not much higher; and 
also because the maximum possible combustion rate appears to 
be higher with water cooling than without for the same fuel. 


AUTHOR’s CLOSURE 


Mr. Scott’s discussion has introduced some _ interesting 
information concerning the developments of non-water-cooled 
stokers. It is the author’s opinion, however, that the informa- 
tion furnished by Mr. Scott is largely the commercial viewpoint 
of one manufacturer. 

As brought out in the evidence presented in the paper, the ex- 
perience of users is that claims for the link-grate-stoker perform- 
ance, when burning Midwestern coals, are not as consistently 
maintained as where the water-cooled grate is employed, par- 
ticularly at the higher coal-burning rates when using preheated 
air. Therefore, it is logical to conclude, from the experience of 
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users, that water cooling will afford more consistent and reliable 
protection for the grate than when the sole grate-cooling medium 
isair. The flow of water through the cooling tubes is not affected 
by fuel-bed thickness, porosity, or characteristics of the coal; 
while uniform and desired air flow through the grate is influenced 
by these factors. 

The matter of burning rates mentioned by the discusser is one 
of proper application to the particular coal under consideration, 
and it is doubtful whether a fixed rate of heat release can be used 
to cover the characteristics of all Midwestern coals. The rates 
set up by the author were determined from long experience in 
connection with the average coals of the Midwest. 

The burning characteristics of Midwestern coals are too greatly 
diversified to establish any definite percentage of reduction in 
heat duty when burning these coals, and it is a matter of careful 
decision on the part of the engineer in setting grate areas. 
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The Fuel-Bed Tests at Hell Gate 
Generating Station, 1937-1938 


By M. A. MAYERS,' W. H. DARGAN,? JOSEPH GERSHBERG,? B. C. DALWAY,* M. J. WILLIAMS,® 


AND E 


This paper is a final report on fuel-bed tests at Hell 
Gate Generating Station and includes some of the conclu- 
sions reached in the authors’ study of the data up to this 
time. The fuel bed of a multiple-retort underfeed stoker 
is shown to consist of vertical strata parallel to the center 
lines of the retorts and tuyére stacks in which coking and 
ignition processes occur along the entire length of the 
stoker. The actual burning of the carbonized fuel occurs 
largely by overfeed action in the burning lanes where the 
temperature and pressure gradients are determined by 
the rate of primary-air flow, and the gases, rising from 
the burning lanes, may require the addition of secondary 
air for complete combustion. It is shown that control 
of the contour of the fire in operating practice may affect 
not only the amount of coke blown from the fire and the 
degree of gas stratification in the boiler passes, but also 
the severity of treatment to which the stoker iron is sub- 
jected. 


INTRODUCTION 


HIS report gives the results of measurements of the tem- 

peratures, gas analyses, and the air and gas pressures in 

the fuel bed of a typical large commercial underfeed stoker. 
The work continued the studies of the Coal Research Laboratory 
of the Carnegie Institute of Technology on the nature of combus- 
tion processes, and arose from a desire to apply the results of pre- 
vious work to the fuel beds which exist in commercial equipment. 
The Consolidated Edison Company of New York expressed its 
interest in such measurements and offered its cooperation, if a 
practicable program could be worked out. The Coal Research 
Laboratory invited the participation in the project of the staff of 
Bituminous Coal Research, Inc., at Battelle Memorial Institute, 
because of their interest and experience in the investigation of 
combustion problems. The research organizations submitted a 
tentative program on March 17, 1937, which called for the inves- 
tigation of the following main variables: (a) The rates of flow of 
coal and air; (b) temperatures; and (c) gas compositions at vari- 
ous points in the fuel bed. The temperatures and gas pressures 
were to be observed, and gas samples for analysis drawn by the 
use of probes of refractory material inserted into the fuel bed from 
the wind box through holes in the stoker iron. The influence on 
the three variables of the following operating factors was to be 
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determined: the rate of burning, the amount of excess air, the 
contour of the fuel bed, the size and size consist of the coal, and 
the kind of coal. It was estimated that the studies would require 
at least 6 months if only a few coals were studied. 

The tentative program was approved by the Consolidated 
Edison Company on April 9, 1937. Hell Gate Generating Sta- 
tion was chosen for the tests because the existence of an isolated 
bunker at that station would facilitate the use of different coals 
during the tests. It became apparent on trial that it would be 
unsafe for men to work in the stoker wind box principally because 
of the danger of serious injury in the event of a furnace-wall tube 
failure. Inspection of the stokers installed in the station showed 
that only on the seventh-row stokers was it possible to insert 
probes into the retorts from below without interference with the 
links operating the secondary rams. Hence, an isolated working 
place from which the probes could be handled was built into the 
wind box of boiler No. 73 while it was out of service for routine 
maintenance in July, permitting preliminary tests of the probes 
during the two-week period, August 19 to September 4. 

These tests showed that the isolated working place, later known 
as the doghouse, provided adequate safety and convenience for 
the test crew, and that the routine of the fuel-bed tests did not 
interfere with operation of the boiler. They also showed that it 
was feasible to insert probes into the fuel bed from below, but in- 
dicated that certain changes in their design were desirable. New 
probes designed in accordance with these indications were made 
and testing was started November 1. By January 1, 1938, the 
equipment had been tried out and a single series of measurements 
at a low burning rate had been finished. These data were em- 
bodied in a first progress report distributed to the parties to the 
investigation at the end of February. 

On January 1, 1938, Bituminous Coal Research, Inc., withdrew 
from cooperation in the project, because the funds it had allotted 
to the work were exhausted. The program was continued by the 
Consolidated Edison Company and the Coal Research Labora- 
tory with the assistance of the Pittsburgh Coal Company. Three 
additional series of tests were made in which the load, the per- 
centage of excess air, and the fire contour were varied separately, 
but in all of which the same coal, one normally used in the station, 
was fired. In these series, traverses were made at three sections 
in the stoker but, as examination of the data indicated the action 
of the stoker to be much the same at all sections from the neck to 
the pit, measurements in the last three series, in which special 
coals were fired, were made at only one section in the center of 
the stoker. Active testing was finished by April 29, 1938, and 
the motion pictures of fuel-bed behavior made as a part of this 
project were completed during the week ending May 14. 

The results of the last six series of tests were submitted to the 
sponsors in a second progress report, distributed in October, 1938. 
A report embodying an outline of the results and tentative conclu- 
sions subject to revision was presented orally before the annual 
meeting of this Society in December, 1938. In addition to these 
reports, the apparatus used for the fuel-bed motion pictures has 
been described in a paper by Markson and Dargan (22)? and the 


7 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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method of correcting temperatures has been reported by Mayers 
(25). 


ConcLusioy AND SUMMARY 


This work represents an initial survey of the conditions under 
which combustion takes place on multiple-retort underfeed stok- 
ers. The data are not as precise or as detailed as might be de- 
sired, they apply specifically only to the particular piece of equip- 
ment on which the tests were made, and they do not cover a wide 
range of fuels. It is desirable that further tests of this nature be 
made on other stokers of different construction, burning many 
more of the hundreds of coals available for underfeed-stoker firing 
in this country. Additional tests could be made with much less 
expenditure of time and money and the experience gained in those 
reported herewith would be of great value in developing equip- 
ment by the use of which more accurate and more detailed infor- 
mation could be obtained. More data on the extremely interest- 
ing region in the walls of the burning lane should be secured by 
inserting probes along diagonals passing from the retort into the 
burning lane. This was not attempted in these tests because the 
importance of this region was not appreciated. 

Despite its limitations, this investigation is not without imme- 
diately applicable results. It shows, for instance, that a change 
in the contour of the fire may have beneficial results in the uni- 
formity of operation of the stoker, and that, in this installation, 
the use of the “‘short”’ fire leads to less severe treatment of the 
iron of the stoker. It also shows that what apparently is a thin- 
ner fire may actually have more fuel over the tuyéres and so be 
more stable than a thicker fire, with its accompanying narrow 
burning lanes; and finally, it repeats the demonstration that the 
gases rising from the active portions of the bed may require addi- 
tional air for combustion. Another result of importance in the 
design of stokers is the elucidation of the structure of the fuel bed 
obtained by these tests, which showed that the mechanism of heat 
flow into the coal in the retort is similar to that governing heat 
flow into a slot-type by-product coke oven. This makes avail- 
able for the use of stoker designers a considerable amount of in- 
formation concerning heat transfer which is directly applicable 
to their problem. 

The principal facts brought out by this investigation may be 
summarized as follows: 


TABLE 1 SUMMARY OF DATA 


APRIL, 1941 


1 The fuel beds of multiple-retort underfeed stokers exhibit 
a considerable degree of uniformity of structure relative to the 
axes of the burning lanes, the positions of which, however, are 
not fixed with respect to the center lines of the tuyére stacks, but 
may vary within limits. Fluctuations of temperatures and pres- 
sures from the averages at points fixed with respect to these axes 
are relatively small, but the deviations of gas composition are 
large, apparently because of the slow speed of diffusion by com- 
parison with the rates of heat transfer and of the transmission of 
hydrostatic pressure in the system. 

2 The fuel beds consist of burning lanes through which most 
of the air for combustion passes, separated by heaps of coal in the 
retorts through which very little air flows. 

3 The coal in the retorts is retained between walls of coke, at 
the cooler boundary of which rapid carbonization of the coal oc- 
curs and through which heat for carbonization and ignition of the 
coal is conducted transversely across the stoker from the burning 
lanes. 

4 The fuel has a component of flow transversely across the 
stoker from the retorts to the burning lanes approximately equal 
to that calculated from the burning rate and the dimensions of 
the fuel bed. 

5 At the bottom of the burning lanes an extremely high- 
temperature coke is burned and gasified. 

6 The temperature and pressure gradients in the main pri- 
mary-air stream are determined by the rate of air flow, but the 
temperatures attained just above the tuyéres depend also upon 
the fire contour. 

7 The maximum temperatures observed, 2800 to 3000 F, 
appear close to the top of the bed, and are nearly the same in all 
series, regardless of the load, the fuel, or the fire contour. 


ReEsvutts or TEsTs 


A summarized tabulation of the data on the conditions of opera- 
tion in all the runs, averaged for each series, is given in Table 1. 
Series 1 and series 2 differ only in load; series 2 and 3 in excess 
air; and series 3 and 4 mainly in fire contour (refer to paragraph 
on “Stoker Operation’’), although there was an increase in excess 
air in series 4 over series 3. Series 5, 6, and 7 were run at the 
same load and excess air as series 2 but with three different coals; 
series 5 with coal from Pocahontas No. 3 seam; series 6 with 


ON CONDITIONS OF OPERATION 


Beries 1 2 3 4 5 6 7 
21-44 45-63 64-71, 76 gg 84-88 89-93 94-07 
-83 
-12/17/37 -3/9/38 -3/24/38 —-4/ 7/38 -4/15/38 ~-4/21/38 
-~Bized,—~ 
Lower -—Mallory— 

Coa Kittaning, run-of-mine—— ——Pocahontas—. Kittaning 788 
Bailey-meter pandingn. 

Air.. 152 219 236 238 211 211 215 
Fire contour...... SS ree : Long Long Long Short Short Medium Long 
Average temperatures, F: 

Steam, superheater outlet...... Re eee 618 652 644 662 651 655 660 

Feedwater entering boiler.................. 287 292 327 322 315 309 309 

Flue gas, boiler outlet...... ‘ Sa ee 550 619 609 607 597 608 597 
Pressure and draft, in. water: 

Wind-box 1.5 2.9 2.7 2.9 3.0 2.7 2.5 

Furnace draft.. 0.12 0.15 0.30 0.21 0.12 0.14 0.11 
Boiler-outlet draft. . 0.30 0.94 1.18 0.97 0.66 0.68 0.67 
Excess air, per cent: 

Bailey-meter setting, pens pte Spumebe ee: 37 44 37 49 42 40 37 

Actual.. 40 45 54 72 45 41 42 
Hourly rates, 1000 ib per ‘br: 

Steam flow.. Seek wow oe 82.7 120.3 115.8 112.0 114.5 115.6 114.5 

Coal burning (estimated) .. 8.0 12.2 11.8 11.5 11.3 11.9 11.5 

Air flow (estimated).. 116 185.5 190.3 208.5 176.4 174.0 173.5 


Unit rates, lb per sq ft per ‘hr: 


2 
(b) 26.2 380 39.9 606 
(ce) 44.0 640 67.0 1020 


(a) Referred to total prebestes area, 382 aq ft. 
Referred to actual area, omitting robe 306 sq ft. 
c) Referred to air-admission area, 182 sq ft. 


Coal Air Coal Air Coal Air Air Coal Air 
30.8 30.0 29.4 30 


1.0 
38.5 621 36.6 682 36.5 576 38. 9 569 37.6 567 
64.9 1045 61.5 1145 61.5 970 65.4 957 63.2 954 
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TABLE 2 COAL ANALYSES 


slack 
Company Company, Inc. Company Plant 
Source: 

County and atate............... Cambria, Pa. West Virginia Cambria, Pa Logan, W. Va. 

Proximate analysis, per cent: 

Moisture, as received..................... ae aes 3.6 3.3 3.3 3.2 4.3 3.3 4.5 

. 16.4 17.1 16.7 16.6 17.8 17.0 32.5 

1.13 1.43 1.46 1.38 0.60 1.36 0.57 
Heating value: 

As 14100 14080 13970 14100 14170 13940 14080 
Swelling index in V.M. det., per 85 95 90 65 
Ash-fusion F: 

2560 2450 2610 2510 2550 2630 2650 

Size, per cent: 

On 1'/:-in. round hole 0.4 1.1 0.8 0.4 0.9 0.4 

Through 1'/s-in. on l-in........... 1.6 3.4 1.6 2.9 3.8 2.6 

Through 1-in. on #/¢-in..... 2.5 0.7 3.3 3.5 3.1 3.4 

Through #/e-in. on 6.7 5.9 5.4 7.2 8.0 

Through !/:2-in. on 4/s-in.. 10.84 6.2 5.4 8.1 

Through 4/s-in. on No. 4 square 8.5> 9.9 10.4 16.6 17.1 

Through No. 4 on No. 8............... 47. % 17.9 18.1 24.0 18.5 

Through No. 8 on No. 14.............. sheededeeenrent 14.S¢ 18.9 18.4 16.2 13.8 

Through No. 14 on No. 20........... ee er §.1/ 7.5 7.4 §.2 5.8 

6.2) 19.1 19.4 10.7 14.7 

Through No. 60 on No. 100...... 5.5: 1.6 1.4 2.5 0.3 1.8 

6.5 +0 8.5 6.2 4.2 8.8 

“a Through ‘ein. on #/s-in. / Through No. 20 on No. 30 

6 Through '/:-in, on !/«-in. square mesh. og Through No. 20 on No. 50 

e¢ Through '/¢in. square on !/s-in. square. h Through No. 30 on No. 60. 

4 Through No. 4 on No. 20. } Through No. 50 on No. 100 

e Through !/¢-in. square on No. 20. 

Lower Kittaning coal, the same as that used in the first four series, = . 

except that it had been sized at the washing plant before shipment ie OTT Sees | TI 

by the removal of fines passing a °/s:-in. screen; and series 7 with os} — | 

a high-volatile-gas coal from the Hunt’s Point Gas Plant of the + | =—--s 6 

Consolidated Edison Company. Reference to Table 2 and Fig. 1 90 
shows that the “sized’”’ Lower Kittaning coal used in series 6 had E 
been so degraded during shipment that its size consist was not 
significantly different from the nut and slack ordinarily used. + —+—— SRY 

Thus, this series cannot be expected to show any effect which 
might be produced by a change in the sizing of the coal fired. < \ 
No trouble was experienced due to smoke emission in series 7 os | ANY ime 
using high-volatile coal. The flame in the furnace in this series ra ‘ 
was very dense and hugged the bed very closely so that it was dif- ws \ 
ficult to see the fuel bed through it, but no secondary combustion | 
was observed at the top of the first pass at any time with either a ™ Se | 
long or a short fire. T 
The values of steam flow and air flow in Table 1 are averages of | | 
| 
the readings recorded on the boiler-room floor at 15-min intervals } | | | 
| 
but, since the load was held very steady during the tests, slight 24 —_— = a aa |_| 
error is expected on this account. Only the total steam readings ' io 
were averaged; the readings of the meter on the west-side super- ast | 
heater outlet (refer to paragraph on ‘Test Apparatus’’) were gen- 
~ 
erally 10 to 20 points lower during series 1 to 3, but differed very = lal” watt Gee? ae 


little from the totalizing meter in subsequent series. This is be- 
lieved to be due to the somewhat more severe stratification which 
existed during the tests with the long fire than in those with short 
fires. Superheated-steam temperatures at the two outlets dif- 
fered by amounts up to 30 F, the east side usually being higher. 
This behavior was irregular but appeared somewhat less fre- 
quently with short than with long fires. In calculating the aver- 
age steam temperatures, a straight arithmetic average of all the 
readings in each series was taken, as the weighted average dif- 
fered from this by only 1 to2 F. The flue-gas temperature leav- 
ing the boiler is not accurate, as it was based on the reading of the 
Bailey-meter gas thermometer which was not checked. 

Of the quantities given under the heading “Unit Rates,” the 
first fuel-burning rate, referred to the projected area of the stoker 
and ashpit, 382 sq ft, is the quantity usually cited in comparisons 
of stokers. The others are based on measurements of the various 
elements of the stoker, taken by the test crew, which resulted in 


ROUND HOLES 


SIEVE SIZE 


Size oF Coats PLorrep on Loc PRoBABILITY 
CoorDINATES 


Fie. 1 


the following areas: Total stoker area, omitting ashpit, 306 sq 
ft; projected area of stoker, omitting ashpit, 274 sq ft; and total 
air-admission area, including area of tuyére stacks, projected area 
of side-wall tuyéres, and extension grate, 182 sq ft. Fuel-burn- 
ing and air-flow rates, based on these areas, are useful in the con- 
sideration of the significance of the measurements. 

As the results of the tests include data on temperatures, pres- 
sures, and gas compositions at each of ten or more levels in a total 
of 79 test runs, it is obviously out of the question to present the 
complete experimental data in this paper. For this reason, only 
samples of the tabulated results will be given here; complete 
tabulations of the data have been prepared and deposited in the 
archives of the Society and may also be obtained, either as photo- 
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TABLE 3 TEST RESULTS; RUN NO. 72, NO. 2 TUYERE, EAST 


APRIL, 1941 


bed being built up between parts (refer to paragraph 


Gas- ” 
Distance pressure on “Testing Procedure’’). 
above Corrected differential, o . Parentheses around corrected temperatures indicate 
tuyére, Temp, temperatures, in. -—-Gas analysis, per cent-— i ‘ 
in. F F water CO, O: CO Hes H, that these readings are unreliable because the observed 
385 2.05 rate of temperature rise was too great. 
1055 19i0 0.44 DiscussION AND INTERPRETATION 
11/2 1900 2080 0.47 9 + Geena Structure of the Fuel Bed. In order to facilitate 
2500 visualizing the results of the tests, Figs. 2 to 6 have 
‘ 2505 se 0.59 11.9 0.4 9.5 2.4 1.5 been prepared, showing, on cross sections of the fuel 
2535 06. bed, contours of equal temperature, constant gas com- 
41/2 asu8 0 90 11 9 4.2 3.5 0.6 0.8 position, and equal pressure drop. It must be borne 
6 2655 1.25 12.2 0.5 7.2 1.3 0.5 in mind that these figures do not represent either 
2655 1.25 12.4 0.6 5.5 0.8 0.4 
8 2550 155 44 Ls averages or a steady state; they are, rather, the 
2 1.1 0.9 authors’ best guess, based on plots of the observations, 
11 2780 3.0 eee ee an as to what might be observed, if it were possible to 
24450 3.25 160 Oi take simultaneous readings throughout the region 
13 24756 2.9 15.4 1.9 09 ... ... tested at some instant. Fig. 2 shows isothermals on 
14 2625 2.8 17.9 9.1 
transverse cross sections of the bed at the three posi- 
2 Momentary temperatures as high as 3025 F. tions tested, taken in the planes, differing slightly from 


6 Probe seen in hole about 2 in. below top of burning lane. 
¢ Taken during withdrawal of probe. 


TABLE 4 TEST RESULTS; RUN 


the vertical (refer to Fig. 13), in which the probes 


NO. 61, NO. 2 RETORT, WEST 


Time Time Gas- 
Distance after Maximum after ressure 
above stopping temperature reaching Corrected ifferential, 
ram, stoker, observed, position, temperature, in. ~——-—-—-Gas analysis, per cent-——— 
in. min F min F water Oz (ore) He CH 
0 95 2.9 
5 95 26 2.2 
10 95 ; 2.2 
15 95 - 2.5 
17.5 95 sa 2.6 
18.5 95 2.6 
19.5 95 a 2.65 
20.5 95 a 2.65 
21.5 95 at 
22.5 95 he 2.8 
24.5 7.0 570 1.0 1250 2.8 &.2 6.2 4.2 10.2 12.2 
25.5 10.0 1195 1.0 1860 2.9 5.2 5.0 5.7 12.7 10.7 
Part 2 
23.5 2.5 250 3.1 3.6 7.9 
24.5 5.5 875 1.0 1500 2.95 5.0 2.5 5.2 14.6 14.4 
25.5 8.5 1835 1.9 (2390) 2.8 5.3 3.0 6.8 17.6 15.1 
26.5 11.0 2220 Steady 2.8 8.4 0.9 6.6 a! 
27.5 2280 Steady 2.85 14.1 4.1 0.0 1.3 1.2 
28.52 2325 Steady 3.1 10.1 0.6 12.3 605 


@ Probe 3 in. above fuel bed. 


prints or as microfilm, from The American Documentation Insti- 
tute, Washington, D. C. Details of the procedure and discus- 
sions of the accuracy and precision of the results are given in later 
paragraphs. The results obtained are exemplified by Tables 3 
and 4. 

The data from a typical run over the tuyére stack are given in 
Table 3, in which the first column gives the depth of penetration 
into the fuel bed; the second the average temperature if a steady 
reading was reached, otherwise, the maximum observed; column 
three, the corrected temperature, if a steady reading was not at- 
tained, when the correction referred to in the section on “‘Supple- 
mentary Data” was applied; the fourth column shows the pres- 
sure drop of the combustion gases through the stoker and fuel bed 
to that point; and columns 5 to 9 give the percentage composi- 
tion, dry, of the gas sample taken at that point. In Table 4, 
which presents the data from a typical retort run, the first column 
gives the distance above the secondary ram; the second, the time 
after stopping the stoker; and the third, the uncorrected tempera- 
ture at that time; while the fourth and fifth columns give the time 
and the corrected temperature at intervals during the period the 
probe was held at that point. The sixth column gives the pres- 
sure differential, and the remaining columns the analysis of the 
dry gas. The retort runs were completed in two parts, the fuel 


were advanced through the bed, at a load of 120,000 Ib of 
steam per hr with 45 per cent excess air and a long fire (series 
2). The sections show a portion of the bed, consisting of one 
full retort and tuyére stack and one half of the next adjacent 
elements; the lines of insertion of the probes are indicated 
by dot-and-dash lines, with scales showing the distance above the 
stoker iron in inches. Position No. 1 is near the head of the 
stoker, while No. 3 is near the extension grate (refer to paragraph 
on “Equipment and Construction’). The contours are nearly 
vertical at the sides of the retorts and the temperature increases 
very rapidly across a narrow region above the walls of the retorts 
in the direction of approach to the center line of the tuyére stack. 
The coal in the retort does not rise above room temperature until 
it approaches the walls of the retort or a thin skin on top, although 
the width and height of the unheated heap of coal become less as 
the distance from the head end of the stoker increases. The re- 
gion of very high temperatures above the tuyéres is coincident 
with the burning lanes which are so prominent a feature of stoker 
fires. It is evident that the principal direction of heat flow into 
raw coal normal to the contours is horizontally across the stoker 
from each burning lane toward the center line of the adjacent re- 
tort. It should also be noted that coal in the retort, at the middle 
of the stoker longitudinally, may rise 23 in. above the floor of the 
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retort, or 12 in. above the level of the tuyéres, without being 
heated above room temperature, even though at the same level 
less than 12 in. away, across the stoker, the temperature in the 
burning lane may have reached 3000 F. 

Fig. 3 shows contours of equal drop in gas pressure on the same 
cross sections and under the same conditions of firing. These con- 
tours suggest that the principal flow of air is upward along the 
burning lanes and that there is comparatively little flow through 
the retort. In fact, the nearly vertical course of the contours in 


the walls of the burning lanes indicates that these walls may be 
almost completely impervious to air flow. That there is com- 
paratively slight air flow up through the retorts is shown by the 
low rate of pressure drop through this rather densely packed 
heap. 

Fig. 4 shows lines of constant oxygen, and Fig. 5 lines of con- 
stant carbon monoxide and of constant hydrogen-plus-methane 
concentrations. The air in the retort is not consumed until it 
approaches the region of very rapid temperature rise shown in 
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Fie. 5 Contours or Constant CONCENTRATIONS OF CARBON MONOXIDE AND OF OTHER COMBUSTIBLE GASES 


Fig. 2. In the burning lane, the oxygen penetrates further into 
the bed, the closer the center line of the lane is approached; along 
the walls of the lane it decreases practically to zero at only 3 in. 
above the tuyéres while, at the center of the lane, the air may still 
contain 5 per cent of oxygen 6 in. above the tuyéres. This result 
accords with the data on the pressure drop, which indicated that 
the gas velocity varies greatly in a section across the burning lane, 


from very small values at the walls of the lane to very large values 
at the center. It is also to be noted that the oxygen concentra- 
tion appears to increase again toward the top of the lane. This 
effect is quite marked, and is accompanied by a decrease in the 
concentration of the combustible constituents, as shown in Fig. 5, 
and usually by an increase in carbon dioxide, although the latter 
may be masked by excessive dilution by the fresh air entering at 
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this point. The authors have been unable to agree on an inter- 
pretation of this secondary increase in oxygen. 

The greatest concentrations of combustible gases appear in the 
walls of the burning lanes at about the same level as the maximum 
temperatures in the lanes themselves. In this region, the sum of 
methane plus hydrogen may reach values above 25 per cent. It 
can be seen by reference to Fig. 2, that the temperature in this 
region ranges from 1500 to 2200 F, and from Fig. 3, that it is just 
this region which appears to be most nearly impervious to gas 
flow. All these facts point to the conclusion that this is the re- 
gion in which carbonization of the fuel is occurring at the most 
rapid rate. 

Comparison of charts similar to those just referred to for dif- 
ferent parts of the bed, and for different conditions of operation, 
shows quantitative differences but no qualitative change in the 
pattern, as indicated in Fig. 6, the isothermals at No. 2 position 
for a number of different conditions of operation. All these sec- 
tions show the same pattern of nearly vertical isotherms in the 


walls of the burning lanes connecting regions low in the burning 
lanes with regions high in the retorts. Indeed, almost the same 
maximum temperatures at almost the same levels were observed 
in all the runs. Plots of the other variables investigated show 
similar uniformity under different conditions and so are not 
presented here. 

These charts indicate that the structure of the fuel beds of 
underfeed stokers differs materially from the conventional pic- 
ture, which consists of a bed of horizontal strata, the bottom one 
being green coal and the top one being freely burning coke with 
all gradations occurring in between. These results show that, 
actually, the stratification is mainly along vertical planes running 
from the head of the stoker to the end of the underfeed section 
along the walls of the burning lanes. A section through the fuel 
bed perpendicular to these planes, that is, across the stoker, shows 
green coal in the center of the retort extending almost to the top 
of the bed, then coal being heated, coked, and ignited as the burn- 
ing lane is approached, with free burning of prepared fuel in the 
burning lane approximately along the center line of the tuyére 


stack. The flow of heat proceeds mainly in a horizontal direction, 
Pete . " , the coke layer forming first as a thin skin on the wall of the burn- 
above ing lane at the head end of the stoker and progressing across the 
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product coke oven except that the confining walls are absent and 
combustion takes place in direct contact with the outside layer of 
coke; the laws (6) which govern heat flow in a by-product oven 
may be expected to govern the flow of heat into a stoker retort. 

Carbonized fuel breaks off from the coke walls because of the 
formation of shrinkage cracks and the agitating action of the sec- 
ondary rams, and falls down into the burning lanes where the level 
of the fuel is considerably lower than it is in the retorts. These 
lanes may cover only a portion of the width of the tuyére stack; 
they consist of channels with more or less irregular coke walls, 
not necessarily continuous along the length of the stoker; and 
they generally have a more or less densely packed continuous fuel 
bed with, perhaps, some ash at the bottom, in the lower part of 
the channel. The primary air flows up through these lanes, burn- 
ing and gasifying the bed of coke through which it passes. The 
air velocity varies within wide limits in the burning lane, depend- 
ing upon the density of the fuel bed through which each filament 
of flow passes, and the distance required to consume the oxygen 
in any filament increases with the local flow velocity. 

While this description is based upon measurements made on 
only one stoker using but a limited number of coals, it is probable 
that, qualitatively at least, it applies quite generally to all stokers 
of this type. It is evident that the cases will be quite rare in 
which the air flow from the tuyére stacks spreads with equal in- 
tensity through all sections of the coal, both above the tuyéres 
and in the retort; only in those cases, however, will there be any 
marked deviation from the structure outlined, in which the strati- 
fication is along vertical planes and the heat flow into the raw coal 
is horizontal. It appears also that the high combustion rates, 
compared to the rates of ignition observed in pure underfeed 
burning, which may be attained in multiple-retort stokers, are due 
to the fact that there is no air flow through the planes of ignition 
to remove the heat conducted into this region from the hotter 
parts of the fire, and to the possibility that the aggregate of all 
the zones of ignition, that is, the sum of the areas of the burning- 
lane walls may be considerably greater than the projected area of 
the stoker. 

Temperatures. The average temperatures at No. 2 tuyére 
position for the first four series of runs are given in Table 5 and in 
Fig. 7. The precision (1) of the measurements within each series 
is indicated by the magnitudes of the standard deviations o given 
at the bottom of each column in Table 5. 

These standard deviations indicate that the procedure of aver- 
aging the runs by series is probably justified, since the probable 
error, equal for large numbers of observations to 0.6745 o, is never 
greater than about 170 F, approximately the order of accuracy 
which was expected before the tests were made, and is usually 


TABLE 6 ee OF DIFFERENCES BETWEEN TEM- 
ERATURES IN DIFFERENT SERIES 


Average 
Range, difference 
Series in. of means P 
2-1 0.5-3 389 <0.01 Significant 
2a-la 3.5-16 22 <0.05 Significant 
2b-1b 3.5-11.5 20 <0.01 Significant 
4-2a 0.5-9 224 <0.01 Significant 
3-2a 0.5-3 263 <0.01 Significant 
3-2a 3.5-9 15 <0.6 Not significant 
3-la 1.5-5 273 <0.01 Significant 
4-la 2-8 148 <0.01 Significant 
TABLE 7 TEMPERATURES AND. MAXIMUM TEMPERATURE 
GRADIENTS NEAR THE TUYERES AT NO. 2 POSITION 
Air rate 
through Maximum 
tuyéres, tempera- 
lb per —Temperatures— ture Ratio, 
Series sq ft at}/oin., at3in., gradient, Temperature gradient 
per hr F deg per in. Air-flow rate 
1 640 1915 2140 195 0.304 
2 1020 2185 2620 235 0.230 
3 1045 1885 2465 395 0.378 
4 1145 2030 2410 350 0.306 
Average 0.304 + 0.023 
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much less. It will be observed that the precision is often greater 
than the accuracy of the measurements (2), estimated as being 
about 90 F (refer to section on “Supplementary Data’’). Table 6, 
the average differences between various pairs of groups of runs, 
shows that these differences are statistically significant (11), ex- 
cepting for the upper portion of the traverses in series 2a and 3, 
since the probability that such differences could occur by chance 
is always less than 0.05, and usually less than 0.01. 

These data indicate that the magnitude of the temperature 
gradient immediately above the tuyéres is proportional to the air- 
flow rate, as shown in Table 7. The data of tests with special 
coals are not extensive enough to justify statistical analysis but 
they indicate that this conclusion holds true also for series 5 to 7 
as well. On the other hand, the temperatures attained at !/¢ in. 
and 3 in. above the tuyéres depend not only upon this gradient, 
but also upon the condition of the fire, as can be seen by compari- 
son of the data for series 2, 3, and 4, all of which have nearly the 
same air-flow rate. In series 2, which was run at an excess air 
of 45 per cent with a long fire, the temperature rose to about 2600 
F at 3 in. above the tuyéres, while the temperature !/2 in. above 
the tuyéres was about 2200 F. In series 3, with a somewhat 
greater air flow and correspondingly greater gradient, the tem- 
perature 3 in. above the tuyéres was only 2460 F, showing the 
effect of an increase of excess air to 54 per cent and the correspond- 
ingly more open fire. In series 4, however, in which the short 
fire was used, the temperature 3 in. above the tuyéres dropped still 
further to 2400 F. 

In the upper part of the bed, it is necessary to differentiate be- 
tween traverses which passed up through the burning lanes, de- 
noted by the suffix a in Tables 5 and 6, and those which were in 
the walis of the lane, denoted by the suffix b. Considering first 
the a runs, it will be observed that the maximum temperature at- 
tained in all of those with the long fire was about the same. In 
series 1, this maximum of above 2800 F was reached at about 9 
in. above the tuyéres, while in series 2 and 3 the same value was 
reached somewhat lower, at about 6 in. above the tuyéres, 
even though series 3 was run with high excess air. Data for 
distances above 5 in. are not given in Table 5 for series 3a, as not 
enough runs were available to justify statistical analysis. In 
series 4, however, with the short fire, the temperatures were sub- 
stantially lower throughout the upper part of the bed, and the 
maximum of just under 2800 F was reached only at 11 in. above 
the tuyéres. The data of series 5 and 6 in which short fires were 
carried with special coals confirm this trend. 

At the top of the bed, when the probe rose into the gas space, 
the temperature indication fell off quite sharply. This is shown 
in the averages for series 4, the only one in which a large enough 


TABLE 8 TEMPERATURE DROP AT TOP OF BURNING LANE 
(Part of doghouse log; run No. 94; No. 2 tuyére, west) 


Bed 
Posi- differential, 
Time, tion, ——Temperature—~ in. Sample 
p.m. in. mv water No. Notes 
9:05 27 14.2 1.45 

06 14.8 2625 49 
07 28 15.2 1.45 
08 14.9 2640 50 
09 29 15.2 2.35 Probe pushed 
10 15.4 hard 
11 15.4 2715 51 
12 30 15.7 2.70 

3 15.9 2795 52 
14 31 16.0 2810 2.68 

5 14.9 2640 53 
16 32 13.8 3.00 
17 13.1 2370 54 
18 13.1 
19 33 13.3 2.68 
20 13.8 2475 55 
21 34 14.4 2.70 
22 14.2 
23 14.4 2565 56 
24 35 14.5 2.75 
25 14.5 2580 1 Probe reported 6 
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number of probes penetrated the bed to justify carrying the aver- 
ages that far. This effect was observed, however, in every indi- 
vidual run in which the probe was seen from the rear door of the 
furnace. A good example is given by run No. 94, series 7, of 
which the readings for the last 8 in. are given in Table 8. The 
observation from the boiler-room floor that the probe extended 
about 6 in. above the level of the fuel bed in the burning lane at 
level 35 shows that the beginning of the precipitous drop in tem- 
perature at level 31 was close to the top of the bed. 
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Fig. 8 Pressure Loss as a Function or Distance ABOVE 
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In runs in which the probe was raised, not through the burning 
lane, but through its walls, the temperature dropped from a maxi- 
mum in the neighborhood of 3 in. above the tuyéres, up to which 
point it had followed the same course as in runs in the lane, and fell 
off continuously to as low as 1700 F at 10 in. above the tuyeres. 
The negative gradient in this region appeared to be independent 
of the load and excess air, while the length of the region of de- 
creasing temperature was quite unpredictable and may have de- 
pended only upon the distance from the line of traverse to the 
center of the burning lane. The fact that these traverses differed 
from those just described, in being off the burning lane, was sub- 
Stantiated by the observations of the other quantities, gas pres- 
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sure and analysis, and also by direct observation in many 
runs of the position of the probe when it had penetrated the fuel 
bed and was visible from the boiler-room floor. In every case, 
the region of declining temperature was terminated by an abrupt 
transition to a region in which temperatures of the same magni- 
tude as those prevailing in the burnirs lane at these levels were 
observed. This transition was accc:.; ‘nied by characteristic 
changes in gas analysis and pressure (refer to section ‘‘Pressure 
Differential”) and was often coupled with a momentary great in- 
crease in the resistance to motion of the probe through the bed, 
followed by complete freedom of motion. This phenomenon was 
interpreted as meaning that at this point the probe broke through 
the wall and entered the burning lane or emerged from the top of 
the bed. 

Pressure Differential. Plotting pressure differential against 
distance above the tuyéres leads to quite different results for runs 
in the burning lanes and those out of the lanes. The results of 
the runs in the burning lanes are readily interpreted, as shown by 
the examples, from runs at No. 2 position, Fig. 8. The pressure 
drop is linearly related to the distance above the tuyéres beyond 
a small distance of the order of 1 to 11/2 in. and extending to 8 
to 12 in. above the tuyéres. While the absolute values of pres- 
sure drop to any point do not agree very well in different tests 
under the same conditions, the values of the pressure gradients 
do. These are plotted, to logarithmic scales, against the air-flow 
rates for the different series in Fig. 9, where it will be observed 
they fall on a reasonably straight line with a slope of 2.17. The 
values of air-flow rate used in this calculation are based on the 
indication of the air-flow pen of the boiler meter, and are referred 
to the total air-admission surface of the stoker. This calculation 
is admittedly a rather unsatisfactory approximation; the errors 
in it arise from two main sources (a) the air-flow meter, which is 
not a precision instrument at best, measures the air flow through 
the boiler, not that through the stoker, (b) there is no assurance 
that the air flow through different sections of the air-admission 
surface of the stoker is uniform. No correction has been made 
for air admitted through the front-wall secondary-air ports. 

In spite of these qualifications, the data show that the relation 
given in Fig. 9 is significant. The result may be compared with 
the formula given by Diepschlag (8) for the pressure loss through 
beds of spheres. To obtain the pressure drop observed, the fuel 
bed would have to be equivalent to a bed of spheres about '/, in. 
diam. Diepschlag’s measurements, however, were made using 
cold air. Applying the corrections for temperature indicated by 
Carman’s analysis (7) the size of the particles would be increased 
to about 0.63 in. to produce the pressure gradient of 0.196 in. 
water per in. of fuel-bed depth at 1000 lb air per sq ft per hr, given 
by Fig. 9. The slope of the line in Fig. 9 is greater than that 
found by Diepschlag and by Arbatsky (3), in tests using cold air, 
who obtained values of the exponent of 1.6 to 1.7. This discrep- 
ancy, as well as the small particle size indicated by the calcula- 
tions, may be ascribed to the errors previously noted, but it 
might also be due to the difference in temperatures since, in a test 
on a chain-grate stoker burning anthracite, Arbatsky observed a 
value of the exponent of 2.1 for small values of air-flow rate. 

Certain other significant conclusions may be drawn from these 
data. The linear portion of the curves in Fig. 8 for runs in series 
1 to 3 are always terminated by a sharp break upward, followed 
by a practically flat portion, which is not however at a pressure 
drop corresponding to the furnace draft but from 0.3 to 0.5 in. 
water less. It has been shown by Hirst (15) in a discussion of the 
principles of coal cleaning by pneumatic tables that the maximum 
pressure gradient which can be attained in a porous bed of broken 
solids is that equivalent to the weight of the bed per unit thick- 
ness. Above this gradient, which for coal is about 0.6 in. water 
per in. of bed and is nearly independent of particle size, the bed 
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becomes disrupted. The sharp break referred to, which appears 
in the data for series 1 to 3, always involves a gradient materially 
exceeding this limiting value, so it is evident that a continuous 
fuel bed does not exist above it. It appears at levels of from 8 to 
10 in. above the tuyéres, which may be 6 to 8 in. below the level 
of the top of the fuel bed in the retorts. In series 4, however, 
when the short fire was used, no break appears. The linear por- 
tion extends to a distance of 12 in. above the tuyéres, at which 
level the pressure has dropped very nearly to that in the furnace, 
showing that, in spite of the thin fuel bed of the short fire, there 
is more fuel over the tuyéres in this fire than in the long one. 
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The pressure gradients in the burning lanes at other positions 
show that in series 1, at low load, the air-flow rate per unit area is 
much greater at No. 1 position, at the neck of the stoker, and 
somewhat less at No. 3 position, just above the extension grates, 
thanitis at No. 2. In series 2, the same effect was observed but 
to a much less marked degree, while in series 3 not enough data 
are available to permit a comparison. In series 4, the pressure 
gradients and, hence the rates of air flow per unit area, are very 
nearly the same at all three positions. 

The pressure drops in runs in which the probe did not pass up 
through the burning lane show none of the regularity just de- 
scribed. They usually show a short section of not over 3 to 4 in. 
in which the gradient is somewhat less than that observed in the 
lane, followed by a portion, corresponding in position to the region 
of decreasing temperature mentioned in the previous paragraph, 
where the pressure remains very nearly constant. This region is 
believed to be in close proximity to, or in the interior of a, rela- 
tively impervious wall, since the absence of pressure gradient in- 
dicates negligible air flow in the direction of motion of the probe. 
The presence of such a wall can, of course, be accounted for by 
the presence of unbroken coke or of a plastic mass of coal under- 
going carbonization. At the top of this region, in the same place 
that the abrupt increase of temperature was found, the pressure 
drops abruptly to a value below the furnace pressure. In the 
retort runs, the same values of pressure just above the top of the 
bed, from 0.05 to 0.15 in. of water below the furnace pressure, 
were observed. These results indicate that there is little flow 
into the furnace from the space immediately above the retorts, 
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since, if there is no pressure drop due to flow upward from this 
level, a lower pressure than that observed in the furnace would be 
measured here, because the furnace-draft connection used for the 
operating meters is at a level about 10 ft above the fuel bed. 
Thus, at the level of the bed, the chimney effect of a 10-ft column 
of hot gas would be added to the furnace draft observed with the 
regular operating furnace draft gage. 

Gas Composition. The gas compositions show much less regu- 
larity than the quantities just considered and their analysis docs 
not lead to the type of quantitative results obtained in the con- 
sideration of temperatures and pressure drops. This is probably 
due to the fact that the gas analysis is much more subject to tran- 
sient variations than are the other two quantities, since diffusion 
in the gas stream is a much slower process than heat transfer by 
radiation at the temperatures under consideration, or than the 
mechanical transmission of pressure through the gas which takes 
place with the speed of sound. For the same reason, it would ob- 
viously be necessary for the sampling point to reach exactly 
equivalent positions with respect to the filaments of flow and the 
proximity of surfaces of burning fuel in different runs to attain a 
high degree of precision of the measurements. Since the fuel bed, 
by its very nature, represents a single structure only in a statisti- 
cal fashion, it is obvious that only a statistical approach to an 
average picture of the gas compositions at various points in the 
bed is available. The average values at different points might be 
more closely approximated by samples taken from each position 
over rather long periods of time but, in view of the comparatively 
short life of the probes in the fuel bed, it was not practicable to 
take such samples. 

The limits, within which one half of the analyses taken at vari- 
ous levels at No. 2 position in all the series lie, are shown in Fig. 
10. This figure was constructed by plotting all the data and then 
passing the lines through the groups of points at each level in such 
a way that one quarter of the points would be above the upper 
line, and one quarter below the lower one. These curves enclose 
the region within which the analysis of a sample taken at that 
position would probably lie. 

The dispersion of these data is so great that significant differ- 
ences between the results for the different series of runs cannot be 
found, but the general trends for all series can be observed in Fig. 
10. The oxygen concentration falls off more or less rapidly to 
small values at distances 5 to 6 in. above the tuyéres, remains at 
this low level up to about 10 in. above the tuyéres, and then be- 
gins to increase again. This behavior is observable, not only in 
this statistical representation of the data, but also in each indi- 
vidual run. Carbon dioxide increases, more or-less as a mirror 
image of oxygen concentration, to a maximum at 2 to 5 in. above 
the tuyéres and then decreases, being replaced by increasing con- 
centrations of carbon monoxide. Hydrogen and methane begin 
to appear at distances of 3 to 6 in. above the tuyéres, but never 
reach very high concentrations in the tests in the burning lanes. 
In runs out of the lanes, the hydrogen and methane may reach 
very high values, a typical composition from a point 7 in. above 
the tuyéres (run No. 55) being CO,, 8.2; Os, 1.2; CO, 7.3; Ha, 
15.1; and CH,, 4.8. The high ratio of hydrogen to methane, 
which is typical of the data from this region, indicates that these 
gases arise either from the later stages of the process of carboni- 
zation of the coal (18), or from the cracking of methane. Gas 
analyses in the retort, on the other hand, usually show a prepon- 
derance of methane over hydrogen, which is characteristic of the 
earlier stages of carbonization. 

At levels in the bed above those where methane and hydrogen 
first appear, diluting the gas stream, the combustible gases burn 
out. At first, the water-gas reaction appears to account for most 
of the changes in analysis, as the hydrogen and carbon-dioxide 
concentrations decrease with a corresponding increase in carbon 
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monoxide and but little change in methane. Later, however, 
methane and hydrogen disappear at parallel rates, but carbon 
monoxide is consumed much less rapidly, invariably being the last 
combustible gas to vanish. In the initial gasification region, be- 
low 6 in. above the tuyéres, the fuel is almost pure carbon, that is, 
a very high-temperature coke, as shown by the fact that the sum 
of the concentrations of oxygen and carbon dioxide, when the 
monoxide is absent, always amounts to more than 20 per cent 
and, when the monoxide is present, frequently reaches 20 per 
cent + 1/2 (CO), corresponding to the combustion of a pure car- 
bon fuel. This result suggests that combustion in the burning 
lane takes place in accordance with the laws governing ‘“pure- 
overfeed” action (24, 29). 


Previous INVESTIGATIONS 


Current descriptions of the fuel beds of underfeed stokers, with 
the exception of that of Barnes, appear to be based upon knowl- 
edge born of long experience in the operation of this equipment, 
without the control of exact measurements of conditions in such 
fuel beds. The work of Barnes (5) was concerned with single- 
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retort stokers of domestic sizes, which differ so greatly from the 
large multiple-retort type investigated in this study, it could not 
be predicted that the results of his work would be applicable to 
these stokers. It appears, however, that if due allowance is made 
for the differences in the geometry of the system his results may 
be transferred with little change to a description of the beds of 
multiple-retort stokers, which usually operate in the region de- 
scribed by Barnes as ‘“‘black-center’’ burning, and show many of 
the characteristics of such operation. 

R. A. Foresman (12) has given a description of multiple-retort- 
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stoker fuel beds which agrees quite well with that developed from 
this study, but no supporting data were given and conclusions 
which might be drawn from the geometry of the bed were not 
stated. In particular, he showed a deep pile of uncoked coal in 
the retort extending to a considerable height above the tuyéres, 
but his description does not suggest the function of the coke wall 
in delimiting the ‘‘burning lane,” at least with coking coals, or 
consider the implications of the horizontal heat flow in determin- 
ing the rate of ignition. Tobey (33) has also described fuel beds 
which have many points of similarity to those described here. 
Houghton (16) has used the results of analyses of the fuel at differ- 
ent points in a fuel bed, which had been suddenly quenched, in an 
attempt to describe the progress of combustion in multiple-retort 
stokers, but he appears to share the impression (17) that ignition 
in such stokers proceeds by a mechanism analogous to that which 
controls “pure underfeed burning.’”’” His emphasis on the desir- 
ability of carrying thin fuel beds in burning low-volatile coal is 
supported by the results of this investigation, which demonstrate 
the paradox that a thinner fuel bed may actually have more fuel 
over the tuyéres. 

In “pure underfeed burning,” as described by Nicholls (27, 28), 
ignition of incoming fuel proceeds in the direction opposite to that 
of the air flow and takes place, as shown by Mayers (24), if the 
rate of heat conduction from the zone of free combustion is greater 
than the rate at which heat is convected back into that zone by 
the primary air. This type of burning leads to a fuel bed which is 
stratified in horizontal layers. The upper layers are in a condi- 
tion similar to that described by Kreisinger, Ovitz, and Augustine 
(19), except that the temperatures, in the case of underfeed burn- 
ing, are lower than those found by the last-mentioned authors in 
agreement with calculation (24). The rate of ignition in such a 
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system can be calculated (26) from the characteristics of the fuel 
and the rate of air flow; it has also been determined experimen- 
tally (30, 31) as a technical characteristic of the fuel. 

In Europe, where traveling-grate stokers are extensively used, 
it has been shown (14, 21, 23) that the concept of “‘pure underfeed 
burning” describes the processes occurring on such stokers, and 
this has been made use of in setting up model fuel beds (9, 13, 20, 
32) for the study of fuel beds on traveling-grate stokers under con- 
trolled conditions. These investigations were of little use as a 
guide to the development of methods of measurement in the pres- 
ent project. In the investigations of traveling-grate stokers of 
commercial sizes, only grate temperatures and gas analyses over 
the fuel bed were determined, while the others, in which tempera- 
tures within the bed were determined, were carried out on model 
fuel beds in which equipment could be used which would not stand 
the conditions of operation in a full-size multiple-retort stoker. 


EQUIPMENT AND CONSTRUCTION 


The tests were run on the stoker of boiler No. 73 at Hell Gate 
Generating Station of the Consolidated Edison Company. The 
boiler has 12,560 sq ft of heating surface and is a straight-tube, 
sectional-header type with an overdeck superheater. The fur- 
nace is water-cooled on the side walls and has 10 small secondary- 
air admission ports in the front wall. It has a 14-retort 37- 
tuyere Taylor stoker with high side-wall tuyéres and a clinker- 
grinder ashpit. The unit is rated at 165,000 lb of steam per hr at 
280 psi abs and 700 F steam temperature. A cross section of the 
boiler and stoker is shown in Fig. 11. The results of acceptance 
tests, made by the United Electric Light & Power Company in 
1926, are shown in Fig. 12. Coal consumption during the tests 
was calculated from the steam flow indicated by the boiler meter, 
on the basis of the efficiencies found in these tests, divided by an 
operating factor of 1.06. 

Although the stoker is rated at 37 tuyéres, the original tuyéres 
(1'/2 in. thick) have been replaced by thinner ones, 1 in. thick, so 
that there are actually 49 tuyéres in each stack. There are 5 
secondary rams in each retort, all bolted together so that they 
move as a unit, although provision had been made in the design of 
the stoker to allow certain amounts of lost motion between adja- 


Fic. 13. ARRANGEMENT OF TEST PLACE OR ‘‘DOGHOUSE” 


cent pushers; and the extension grates also move with the secon- 
dary rams and have the same stroke. The stroke of the set of 
rams serving each retort may be controlled from the front of the 
stoker by movement of an adjustable shoe. The furnace has two 
large inspection doors in the side walls above the ends of the ash- 
pit. For these tests, an additional small inspection door was pro- 
vided in the rear wall directly opposite the retort and tuyére 
stack in which the traverses were made. 

Fig. 13 shows the construction of the doghouse, which was built 
into the sifting hopper to the east of the center line of the stoker, 
there being 4 hoppers under the stoker. A hole, 2 ft wide and 5 
ft long, was cut in the rear sloping wall of the hopper and was pro- 
vided with a cover plate which could be bolted over it when tests 
were not being carried on. The top of the hopper was roofed 
over with '/,-in. plate, reinforced by 2-in. angles, while the rear 
6-in. section of the roof was built in the form of a trap door which 
could be operated from outside the hopper. 

Water, compressed-air, and power connections were brought 
down along the wall of the wind-box connection, and a table was 
set up between that wall and the wind-box damper-operating 
shaft, as shown in Fig. 13. An electric fan standing on the table 
and directed into the doghouse was used to insure adequate air 
circulation, and a field-artillery telephone set with a line from the 
doghouse to the boiler-room floor near the panel of boiler No. 73 
ellowed ready communication between the two principal test 
stations. 

Eight test points in the stoker were selected, four in the sixth 
retort from the east side and four in the tuyére stack adjacent to 
it on the east. These were divided into three groups: Position 
No. 1, 16 in. from the front wall, having one point in the tuyére 
stack and one in the retort; position No. 2, 4 ft from the front 
wall, having two points in each; and position No. 3, 8 ft 2!/2 in. 
from the front wall, having one ineach. It was originally planned 
to place the two points in both tuyére stack and retort at No. 2 
position unequal distances from the center lines, but this proved 
to be impracticable because of constructional difficulties. In 
order to clear the operating link for the extension grate, it was 
necessary to place the point in No. 3 retort position 2 in. east, 
that is, toward the test-tuyére stack, of the center line of the re- 
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tort. At each test point, the stoker iron was burned out to ac- 
commodate a length of 1'/:in. standard pipe welded in place, 
which extended down through the roof of the doghouse. The 
guide tubes from the tuyere stacks passed through packing caps, 
welded to the roof, while those from points in the retort passed 
through 3-ft lengths of flexible steel tubing, welded to the roof at 
their lower ends and to plates welded to the guide tubes at their 
upper ends. All of the guide tubes terminated below the roof of 
the doghouse in square-cut surfaces which were used as reference 
planes to determine the distance of penetration of the probes into 
the fuel bed. 


Test APPARATUS 


The probes used to measure temperatures and to take gas 
samples were required to withstand temperatures up to 3150 F, 
temperature gradients of 1000 deg per in., and the mechanical 
stresses incident to being forced through fuel beds 1 to 3 ft deep, 
containing coal in various stages of carbonization, coke, and oc- 
casional clinker, but still had to be small enough so that they did 
not seriously disturb the fuel bed and so that they might reach 
temperature equilibrium with the bed within a reasonable time. 
It was anticipated that each traverse of the fuel bed would prob- 
ably be terminated by failure of the probe, but it was hoped that 
many of the traverses might extend to the top surface of the bed. 

The water-cooled probe had a cooled section 8 ft long and a 12- 
in. mullite tip, 7/is in. diam. It was found that the tip was not 
strong enough to withstand the mechanical stresses to which it 
was subjected in tests over the tuyére stack, so its use was discon- 
tinued for such tests after run No. 20, the last of the preliminary 
group. Until run No. 48, the water-cooled probe was used in re- 
tort runs to locate the region of rapid temperature rise before 
stopping the stoker, but this procedure, which involved changing 
probes during a run, was abandoned after it was discovered that 
the uncooled probes were sensitive enough for this purpose. In 
run No. 43 the water-cooled probe was used with a shortened tip 
to withdraw gas samples from the upper levels of the fuel bed and 
to attempt to observe the probe from the boiler-room floor above 
the tuyéres, which had not previously been done in regular runs. 
No temperature measurements were made during this run, as it 
was felt that the close proximity of water-cooled surfaces to the 
measuring junction would invalidate the observations. The at- 
tempt to observe the probe was unsuccessful, but this was ac- 
complished in regular runs in the later series. 


With the exceptions noted, uncooled probes, shown in Fig. 14, 
were used for all the measurements reported. These probes con- 
sisted of l-in. mullite tubes, 4 ft long, with three holes, two */i«- 
in-bore for thermocouple leads, and one '/,-in-bore for gas sam- 
pling. The bottom six inches of the mullite were covered with a 
sprayed coating of copper so that the mullite tube could be sol- 
dered into the 1'/,-in-outside-diam sleeve by which the probe end 
was connected to the 1-in. pipe extension or carrier. This sleeve, 
shown in detail in the lower part of Fig. 14, was connected to the 
carrier by a copper-gasketed joint and carried a bakelite junction 
piece on which the thermocouple wires were connected by binding 
posts to pins which mated with the jacks in the carrier from which 
compensating lead wire ran to a polarized porcelain receptacle in 
the hexagonal base of the carrier. A copper tube, */s in. diam, 
connected the gastight space in the connecting pieces with a 
nipple on the hexagonal base. A sleeve of '/,-in. standard pipe, 
welded to one side of the hexagonal base of the carrier parallel to 
the axis of the probe, was drilled every */; in. so that a chain 
passed through it to support the probe could be fixed in position 
by a pin passing through a set of holes and the chain. The pipe 
extension was marked by grooves extending one quarter of the 
distance around the pipe at every inch and by numbered grooves 
extending all the way around the pipe at every 5 in. 

Thermocouples were made of No. 24 gage platinum and plati- 
num 10 per cent rhodium wire. Silica sleeves, 24 in. long and 
1'/, in. outside diam, were cemented to the measuring ends of 
probes which were to be used in the burning lanes so that they 
projected '!/s in. or somewhat less beyond the end of the probe, and 
cemented caps of Alundum (commercial alumina) and Insa-lute, 
a proprietary sodium-silicate cement, were laid over the thermo- 
couple junctions in the cups so formed. After drying for 3 to 4 
days, these caps were baked in a muffle furnace at a temperature 
of 800 F for 8 hr and allowed to cool slowly. The development of 
this procedure took until about the middle of the third series; 
prior to this time, the caps had not been baked and only those that 
had been stored for at least 3 weeks penetrated far into the fuel 
bed. Probes which were to be used in the retorts were not 
equipped with sleeves or caps after run No. 58, as the conditions 
in this region were not severe enough to require them. A view of 
a probe end, showing the sleeve and cap, is given in Fig. 15. 

The apparatus for drawing gas samples, designed and built by 
the Research Bureau of the Consolidated Edison Company and 
illustrated in Fig. 16, was arranged to evacuate the single-opening 
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Fig. 16 Gas SAMPLER 


sample bottles, flush the sampling line, withdraw a spot sample of 
the gas over mercury, and compress it into the sample bottle at a 
pressure 20 to 30 mm of mercury above atmospheric. The cop- 
per-tube sampling line ran from a convenient point in the dog- 
house, where a rubber-tube connection to the probe was wired to 
it, to a point near the sampler to which it was also connected by 
rubber tubing. It contained a tee, isolated by plug cocks, 
through which it was connected to the low-pressure side of a 
double-range oil-filled draft gage. The high-pressure side of the 
gage was connected to the wind-box section immediately below the 
portion of the stoker which was being tested, so that the gage read 
directly the pressure drop through the stoker and fuel bed. This 
arrangement was used to reduce the influence of minor fluctua- 
tions of wind-box pressure on the readings. 

Gas samples were analyzed by means of a special Ellison gas 
analyzer having a 50-ml burette graduated to 31 per cent and 
with 250-ml solution containers, and by a large mercury-sealed 


apparatus, similar to that described by Evans and Davenport 
(10). All samples were run first in the small analyzer to deter- 
mine CO:, On, and CO. If the total of these compounds fell be- 
low 18.5 per cent plus the amount of CO, the samples were trans- 
ferred to the large apparatus, in which. the absorption of CO was 
completed, O2 was added, and the sample burned on a platinum 
filament. The results of the combustion were calculated on the 
assumption that the gas consisted only of Hz and CH. No at- 
tempt was made to analyze for unsaturated hydrocarbons. The 
speed of analysis was limited by the time required for combustion. 
When a long series of samples containing combustibles was being 
analyzed, the combustion analysis of every second or third sample 
was sometimes omitted, as each sample required approximately 
40 min. Determination of CO, and O: on the small analyzer 
could be made continuously at the rate of about 15 samples per 
hr. 

Motion pictures of the fuel bed were taken, following the com- 
pletion of the tests. Plans had been made for taking these pic- 
tures during the tests themselves, but the apparatus was not com- 
pleted in time to make this possible. The piece of equipment 
which made successful pictures possible was the pyroscope which 
has already been described (22). It was designed and constructed 
by the research bureau of the Consolidated Edison Company in 
cooperation with the Bausch & Lomb Optical Company, Roches- 
ter, N. Y. In these tests, the pyroscope and camera were usually 
mounted behind the boiler, and pictures were taken through the 
special observation door at a rate of one frame every 3' sec for 
periods of several hours. Shots were also taken from the side 
door of the furnace, looking across the fuel bed, using a camera 
speed of 64 frames per sec (slow motion) in order to observe the 
action of “‘popcorn,”’ or flycoke. 

In addition to the instruments just described which were de- 
veloped especially for these tests, the regular operating instru- 
ments were also used and these were supplemented in some cases 
by calibrated test instruments. Steam flow was read from the 
Bailey boiler meter, which, in this installation contains two steam- 
flow elements, one for the west-side superheater outlet, and one, 
connected with the west-side meter by a totalizing linkage, for the 


TABLE 9 BAILEY AIR-FLOWMETER CHECKS; BOILER NO. 73 
HELL GATE GENERATING STATION 


Steam-flow reading. . 148 224 220 207 
Air-flow reading..... 143 231 232 215 
Gas-analysis traverse, per cent CO-——-—— 
Distance from E Ww E Ww E Ww E Ww 
side wall, ft 
1 8.0 9.7 9.9 9.8 10.6 10.0 8.6 8.0 
3 20.8 22.6 266 11.4. 163 1.1 
5 15.6 13.6 11.4 12.3 13.3 11.9 413.4 12.5 
7 56:8 15.1 13.6 18:0 13.8 13:7 14.06 13.7 
9 16.7 15.6 14.7 13.6 14.4 14.2 14.4 12.7 
1l 6.6 14.6 4.3 36.3 16.3 34.1 24.0 
Average per 
cent..... 13.8 12.3 12.7 13:.2 
Corresponding total 
air, per cent...... 135 152 147 153 
Total air with pens 
together, per cent. 140 147 140 148 
CO: with pens to- 
gether, per cent... 13.4 12.7 13.4 48.7 


Nore: Boiler out for overhaul, thoroughly cleaned January 25 to February 
24. External cleaning only, March 19-20. 
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east side. These meters were checked against a static water 
column several times during the course of the tests and at no time 
was any correction found necessary. Air flow was read from the 
Bailey-meter air-flow pen, the setting of which was checked 
against Orsat traverses four times during the course of the tests, 
with the results shown in Table 9. Both steam- flow- and air-flow- 
meter checks were run by the Station Service Bureau of the Tech- 
nical Service Department, using their standardized procedure. 
The air-flow-pen setting was not changed during the course of the 
tests, so that the variations in excess air with pens together are 
due to changes in the cleanness of the boiler. These variations 
were taken into account in calculating air flows from the observa- 
tions. Furnace- and boiler-outlet drafts were read on an inclined 
draft gage, and the wind-box pressure under the test section was 
read on a vertical draft gage. The latter reading was compared 
with the operating wind-box pressure-gage reading, taken below 
the division plates between sections, to assure uniform operation 
during the tests. Steam temperatures were read on two en- 
graved-stem test thermometers set in wells in the two super- 
heater outlet headers, and feedwater temperature to the boiler 
was read on a test thermometer in the economizer outlet. A 
Ranarex CO, recorder was installed with a sampling line drawing 
from the third pass of the boiler directly above the test section, 
in order to observe the effect of changes in operating conditions 
on the gas stratification in the boiler passes. 

The speed of the stoker was observed by timing a revolution 
with a stop watch and the length of the strokes of the secondary 
rams was measured with a foot rule. A log of all the ram strokes 
was kept after run No. 68; prior to this time only the stroke in 
the test retort had been recorded. 


Coat Usep IN TEstTs 


Coal is delivered to the station by barges from which it is 
hoisted to unloading towers containing screens and crushers which 
may be by-passed. From the tower it is dropped into cars oper- 
ating on a cable railway which distribute it to the various bunk- 
ers. Samples for proximate analysis and heating-value deter- 
mination are taken from the stream flowing from the coal tower 
into the cars. Coal for these tests was delivered to bunker No. 6, 
of about 350 tons capacity. The lorry serving the sixth and sev- 
enth rows of boilers could be filled from No. 6 bunker by the 
use of a transfer feed screw. Throughout the first four series of 
tests, the bunker was kept filled with Lower Kittaning run-of- 
mine coal, excepting for a period of about 2 days around March 15 
(just before series 3), when a special coal under test by the oper- 
ating department was in the bunker. For each of the last three 
series of tests in which special coals were used, the bunker was 
carefully cleaned before the special coals were dumped. When 
the Pocahontas No. 3 and “sized” Lower Kittaning coals were 
being hoisted, the crusher was by-passed, but at all other times 
the coal passed through the crushers as in normal operation. The 
stoker hopper was filled at hourly intervals from the weigh lorry, 
the weight of each dump being recorded. The lorry was com- 
pletely emptied before drawing coal from No. 6 bunker for the test 
boiler. 

Samples of coal for size analysis were taken from the stoker 
hopper by means of a long-handled scoop with a capacity of 
about 3 lb. Four scoopfuls were taken at points spaced approxi- 
mately evenly across the stoker hopper to give gross samples of 
about 300 lb. The size analysis was determined by the use of a 
Tyler 12-in-square rocking-sieve shaker for sieves coarser than 
3/;in. round hole, and 8-in. round hand screens for finer sizes. 
No measurements were made of segregation in the stoker hopper, 
as visual observation indicated this to be negligible as is to be ex- 
pected in view of the use of a lorry for filling. The analyses of 
the coals are given in Table 2; the size analyses are plotted to 
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log probability coordinates in Fig. 1. The size distributions of 
the coals used in series 1, 3, 4, and 5 are so much alike that they 
may be represented by a single curve, which is not, however, a 
continuous straight line. Series 2 has a coarser size distribution 
than that of the other series using Lower Kittaning run-of-mine 
coal, because the crusher usually used was out of service during a 
part of the period. The coal of series 6 was sized at the cleaning 
plant by removal of the 5/;,-in. fines, and has a somewhat coarser 
distribution than the other coals. There was a considerable 
amount of degradation in transit so that almost 45 per cent of it 
is finer than !/, in., as received. The high-volatile coal, used in 
series 7, is almost as coarse in the large sizes as the coals of series 
2 and 6 but contains an excessive amount of superfines, about 9 
per cent passing a No. 100 screen. 

All analytical data excepting sizing were determined by the 
technical service department of the company, using standard- 
ized procedures. 


TESTING PROCEDURE 


A full crew for the tests consisted of seven men, four being as- 
signed to the doghouse, and one each to the boiler-room fioor, to 
the chemistry, laboratory, and to relief and supervision. Of those 
assigned to the doghouse, two handled the probes within the dog- 
house itself, one operated the gas sampler and read the pressure 
differential, and one read the potentiometer, handled communica- 
tions with the boiler-room floor, and recorded data. Operation 
of the gas sampler required the development of a considerable de- 
gree of skill, so that every effort was made to keep the same man 
on this job. The man on the boiler-room floor read the boiler- 
operating and test instruments at 15-min intervals, took coal 
samples from the stoker hopper each time it was filled, supervised 
the operation of the stoker, and kept the crew in the doghouse in- 
formed of the conditions of operation. The man assigned to the 
chemistry laboratory, who operated the gas-analysis apparatus 
with the intermittent assistance of the man on relief, had to de- 
velop a high degree of skill, and continuity in this assignment was 
essential for satisfactory analytical results. The relief man gen- 
erally supervised the entire procedure, transported samples and 
probes, assisted in the gas analysis, and relieved the men in the 
doghouse at intervals. Relief was especially necessary for the 
men assigned to handling the probe, as the doghouse was usually 
hot and sometimes was rather gassy because of fumes blown down 
through the guide tubes from the fuel bed. Tests could be run 
for short periods with only six men, but this was avoided when- 
ever possible, since it invariably resulted in the gas analysis fall- 
ing behind. 

Different procedures were used in tuyére tests and tests over the 
retort. Ina tuyére test, the probe was inserted in the guide tube 
and raised until the tip was about 10 in. below the level of the 
tuyére plates. It was then blown out from the compressed-air 
line and the gas-sampling line and thermocouple-extension leads 
were connected. At this time the potentiometer, gas sampler, 
and draft gage were checked. Then the probe was moved up to 
1 in. below the level of the tuyére. The chain was passed through 
the sleeve and pinned in place, the temperature and draft readings 
were started. The man on the boiler-room floor, who had pre- 
viously notified the doghouse that conditions were sufficiently 
steady and representative for testing, was informed by telephone 
of the beginning of the test. The probe was advanced by '/:-in. 
steps, temperatures and pressure differentials being read at each 
step, and from '/, in. above the level of the tuyére gas samples 
were taken at each position. Beyond 5 in. above the level of the 
tuyéres the probe was advanced by 1 in. at each step after run 
No. 64. The probe was held in each position for at least 21/2 
min, which was sufficient to allow reading the draft gage, a 40 to 
50-see flushing of the gas-sampling line, and drawing a gas sample, 
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TABLE 10 SAMPLE LOG OF TUYERE TEST; RUN NO. 72 


(No. 2 tuyére, east; zero = 251/2 in.; March 25, 1938) 
Potenti- 
ometer 
Position, reading, Temp, 
Time in. mv F 
2:19 241/2 


Bed 
differential, Sample 
in, water no. 
2.05 


385 
1.0 


450 


to 
to 
to 
to 


to 


7231/2 26 
1055 


2:251/2 261/2 


1400 


. . 


10. 
2:31 271/3 10. 


1900 


to 


2321/2 271/2 12. 
2331/2 28 12. 


2295 


to 


(13.9) 
2490 
2:36 281/2 14. 0.59 20 


(14.0) 
2505 


to 
Ww 
w 


(13.8) 
2475 


0.80 


to 
to 


46 30 13 
47 14 


to 
= 
~ 


2:51 311/2 14. 


15 
2:54 321/2 


14 


2:57 331/2 14 


(14.3) 
2550 


3:00!/; 341/2 14 


(15.6) 
50 


while temperatures were read every '/, min. The probe was ad- 
vanced until it broke, as indicated by open circuit of the thermo- 
couple, or until the probe was sighted above the level of the fuel 
bed. A portion of the log from run No. 72 is shown in Table 10, 
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TABLE 11 SAMPLE LOG OF RETORT TEST; RUN NO. 61 
(No. 2 retort, west; zero = 7!/: in.; March 9, 1938) 


Potentiometer Bed 
- Position, reading, Temp, differential, Sample 
Time in. mv in. water no. 
Stoker stopped at 10:09 
0.2 2.9 
121/2 0.2 95 2.2 
171/2 0.2 2.2 
221/2 0.2 2.5 
25 0.2 2.6 
26 0.2 2.6 
27 0.2 2.65 
28 0.2 2.65 
29 0.2 3.7 
30 0.2 2.8 
31 0.2 2.8 
10:14 32 0.2 95 2.8 
10:14!/, 0.6 200 
15 320 
1.8 470 
16 2.3 570 50 Slow 
33 3.6 820 2.9 
17 4.0 890 
4.7 1020 
18 5.1 1090 
5.5 1160 
19 §.7 1195 51 Slow 
Pulled probe out 
Stoker stopped at 10:53 
10:54 31 0.5 175 3.1 
55 0.6 200 
0.8 250 52 
56 32 2 320 2.95 
450 
57 32 2.3 570 
2.9 685 
58 3.4 780 
3.9 875 53 
59 33 4.4 965 
5.5 1160 2.8 


Nore: No sleeve and no Alundum on tip of probe. 


The procedure in the retort developed as the tests were carried 
on. The problem that necessitated a difference in procedure be- 
tween the retort and tuyére tests was that introduced by the mo- 
tion of the stoker. Over the tuyéres, the fuel did not move 
enough to break the probe but, in the retort, the relative motion 
between fuel and pusher was sufficiently great to shear the probe 
off at every stroke. Preliminary tests showed that the probe 
could be kept in the fuel bed during the time the pusher was mov- 
ing down the stoker, that is, toward the bridge wall, without break- 
age, but on the return stroke the probe was broken every time it 
was allowed to remain in. Since a time longer than the period 
between strokes was required for taking readings at each posi- 
tion, it was obvious that the stoker, or at least the section of it 
under test, must be stopped while the readings were taken. 
About 10 min prior to the test, the test section of the s‘ “ker was 
put in high speed by means of the gear-change box. ‘i \2 probe 
was inserted to a position several inches below the levi! »* the 
secondary ram and the instruments checked. Then the :. in on 
the boiler-room floor was instructed to stop the test sectiou and 
inform the doghouse .he instant this was done. The prob was 
raised to the level of the top of the ram and advanced by 5-in. 
steps as rapidly as readings of temperature and pressure differen- 
tial could be made. This was continued up to the neighborhood 
of the region of rapid temperature rise, known from previous ex- 
perience to be more than 25 in. above the level of the ram at No. | 
position, and more than 20 in. at No. 2 position. From here on 
the probe was advanced by 2-in. and then by 1-in. steps, holding 
it at each position for about '/, min, in order to make certain that 
any rise in temperature would be observed. As soon as the gal- 
vanometer needle moved off zero, the advance was stopped and 
the temperature was recorded at '/2-min intervals, while the 
pressure differential was read and a gas sample drawn. From 
this point, the probe was advanced 1 in. at a time, taking 2'/, min 
at each position, until not more than 13 min had elapsed after 
stopping the stoker, when it was withdrawn. The section of the 
stoker was again started in high speed and run for about 15 to 20 
min to build up the fuel bed to its original condition. If the 
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FUEL-BED TESTS AT HELL GATE GENERATING STATION, 1937-1938 


TABLE 12 


Draft 
Third Wind-box B.O. 
pass, pressure, gas 
Chart —Steam Furnace, in in. temp, 
time Total West Air in. water water water F 
0 = 0.10 
2:15 195 160 237 0.27 1.03 2.80 595 
30 200 180 237 0.28 1.035 2.80 598 
45 195 180 237 0.275 1.045 2.80 600 
3:00 200 180 237 0.275 1.01 2.70 600 
15 196 182 236 0.295 1.035 2.70 595 


SAMPLE OF BOILER-ROOM FLOOR LOG; 
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RUN NO. 72; MARCH 25, 1938 
Time 
Feed- for 

Bast, water Pusher 1 revo- Ranarex 
ast, West, temp, stroke, lution, 2, 

F F in. min-sec per cent 
655 658 323 5/g 1-11 13.0 
656 658 326 5/g 1-11 12.5 
661 657 328 5/g 1-8 12.5 
662 655 327 5/ 1-8 12.5 
660 654 325 5/g 1-6 13.0 


Fire Conditions 


Chart time 


2:15—Fuel bed appears even over entire stoker from west door, but 
from east door appears heavier on west side from neck down to 
1/> stoker Fire light but not much ‘“‘popcorning.’ 
Considerable amount of small clinkers on extension grate, and 
under fuel in retorts and on tuyéres; fuel rather well burned 
out on extension grates. Furnace clear except at neck where 
it is quite smoky; flame short; no secondary combustion top 
of first pass. 


probe had not been observed during the previous part of the 
run the stoker was stopped again and the probe was again in- 
serted and advanced by 1-in. steps from 1 in. below the last pre- 
vious position. The probe was invariably sighted from the boiler- 
room floor during the second half of the test before 13 min had 
elapsed. 

In tests in No. 3 retort position, the procedure was yet different 
since at this position the guide tube terminated in the dead plate 
just above the extension grate, where the motion of the fuel was 
not sufficient to break probes when they were less than 5 in. 
above the level of the dead plate. In tests at this position, the 
probe was inserted and moved upward by 1-in. steps to 5 in. 
without stopping the stoker. When high temperatures were ob- 
served, gas samples were taken at each level. When the probe 
reached 5 in. above the dead plate, the stoker was stopped and 
the run was continued in just the same way as in any other re- 
tort test. A sample log of a retort run (No. 61) is given in Table 
11, and a sample of the boiler-room floor log is given in Table 12. 


SrokerR OPERATION 


During the tests, more uniform fires than those required for 
normal operation had to be maintained to permit duplication of 
conditions in the various tests in each series, and to allow the cal- 
culation of the air flow through the test section as the average 
air-flow rate through the stoker. For this reason, it was neces- 
sary to place the operation of the boiler on a special schedule. 
Over week ends the doghouse was closed so that siftings could be 
discharged through the trap in the doghouse roof and the boiler 
was in normal operation on automatic control. From Monday 
to Friday the fire was cleaned as early as possible on the 12 to 8 
watch, but the pit was not ground down after cleaning. The 
fire was normally banked during and after cleaning, and was op- 
erated on automatic control in accordance with load requirements 
after coming off bank until 8 a.m., when it was placed on hand 
control and run at the test rating during the remainder of the day. 
At the end of the tests, it was put back on automatic control and 
was in normal operation for the remainder of the 4 to 12 watch. 
The doghouse was opened at 8 a.m. on Monday and was left 
open, siftings being allowed to accumulate on the roof, until Fri- 
day night. Slagging of the first pass of the boiler with hand water 
lances, which had to be done three times a week on the day watch, 
was carried out the first thing in the morning on Tuesdays, 
Thursdays, and Saturdays, thus interfering with testing on only 
2 days, when the testing day was shortened by about | hr. 

During normal operation, the output of the boiler is governed 
by an automatic regulator (Smoot combustion control) which 
controls the air flow through the boiler in accordance with im- 
pulses sent out by a master controller, actuated by the main 
steam pressure. This regulator controls the draft at the boiler 
outlet; the wind-box pressure is controlled by another regulator, 


Chart time 


2:38— ame up stoker on rheostat to 1 revolution in 1 min 8 sec. 
Half-moon effect on extension grate. 
2:45—Burning lane at test position veering off to right, viewed from 
rear door. 
3:00—Fire light. 


3:10—Saw probe in center of burning lane. Tip of probe about 2 in. 


below top of burning lane and about 7 to 8 in. below top of 
fuel bed. 


(a) 
17. Fire Contours 
b, short fire.) 


Fia. 
(a, Normal or long fire; 


Fig. 18 Lone Fire; FRaME From Motion Pictures TAKEN 
May 13, 1938 
(Load 124,000 lb of steam per hr; excess air 36 per cent.) 


Fic. 19 Snort Fire; Frame From Motion Pictures 
TAKEN May 14, 1938 
(Load 119,000 lb of steam per hr; excess air 53 per cent.) 
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not subject to loading by the master controller, which maintains 
a constant furnace draft. Stoker speed is determined by the 
voltage generated by a separate motor generator set for each 
row of boilers, not usually operated on the automatic control, 
modified by individual stoker-motor field rheostats at each boiler. 
During tests, the boiler outlet draft was taken off automatic control 
so that the regulator did not receive the impulses from the master 
controller, and was set by hand at a constant load. The wind- 
box pressure regulator was left in service and the stoker-motor 
motor generator set was adjusted to give a voltage correspond- 
ing to the test load. 

The stoker was operated by the regular operators with the ad- 
vice and assistance of the test crew. This assistance became 
more extensive as the tests advanced and the conditions of opera- 
tion departed more and more from normal. During the first two 
series, while the test crew was relatively unacquainted with the 
standard of operations and when it was desirable that the op- 
erating conditions be as nearly normal as possible, the test crew 
exercised but little supervision beyond recording changes in the 
settings of the various controls. With the beginning of series 3, 
which was run with high excess air, the necessity of operating with 
a thinner fuel bed than normal made it necessary for the test crew 
to take part in the adjustment of the stoker to a greater extent 
than previously; this necessity continued throughout the remain- 
ing series, especially when coals which were unfamiliar to the 
station operators were being fired. 

During the first three series of runs, the normal fire contour, 
sketched in Fig. 17(a), was maintained. The sketch shows the 
approximate profile of the general level of the fire, set by the level 
of the fuel in the retorts. It could be seen from the rear observa- 
tion door that the burning lanes were open channels in which a 
fuel level could not be observed. When the fire was thinned 
down to secure high excess-air operation in series 3, it was found 
extremely difficult to keep fuel on the tuyéres at the head end of 
the stoker and to keep blowing from the front wall within bounds. 
Drifts of “popcorn” built up along the bridge wall and on one 
occasion the fuel was blown completely away from 3 or 4 ft of the 
upper end of the stoker. To overcome this difficulty, the con- 
tour of the fire was changed to that shown in Fig. 17(b), referred 
to as the short fire, by shortening the strokes of the secondary 
rams, and testing was continued as series 4. 

Short-fire operation was continued throughout the remainder 
of the tests except with the high-volatile coal, both with high and 
with normal excess air, as it was found not only to decrease the 
amount of “‘popcorning,’’ but also to decrease slightly the degree 
of stratification in the flue gas, as can be observed by comparing 
the traverse shown in Table 11 on April 6, run with a short fire, 
with the others in the table run with a normal fire. It caused a 
marked decrease in secondary combustion, observed at the top of 
the first pass, and produced a fire which was more completely 
burned out on the tail than the normal practice. In fact, it was 
necessary to carry the pit at a much higher level than the usual 
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practice in this station in order to prevent the appearance of holes 
in the lower end of the fire. The differences in the general ap- 
pearance of the long and short fires are shown in Figs. 18 and 19, 
made from single frames of the motion pictures taken after the 
tests. Part of the increased clearness of Fig. 19 is due to the in- 
creased excess air, as this picture was taken under conditions ap- 
proximating those of series 4, while Fig. 18 was typical of series 2. 
The increase in the width of the burning lanes with the short fire 
is, however, quite apparent. 

When special coals were burned for the tests, the new coal was 
burned for 24 hr before any tests were run, in order to assure that 
only the special coal would be in the fire during the tests and to 
give the test crew time to work out the proper conditions for firing 
the new coal. 


PRELIMINARY TESTS 


The results of the tests run in August and September, 1937, have 
already been referred to as showing the feasibility of the proposed 
test procedure and indicating the need for redesign of the origi- 
nal probes to the forms described. In addition to these, the 
first 20 runs made after the beginning of intensive testing on 
November | were in the nature of preliminary runs and were de- 
voted mainly to a comparison of the compositions of gas samples 
drawn by the water-cooled and uncooled probes and to the tem- 
perature indications of the two kinds of probes. 

When the uncooled probes were first used in these runs, they 
were not equipped with sleeves or caps and it was found that they 
broke, apparently because of the thermal shock, after penetra- 
tions of only 2to3in. H.W. Russell, chief physicist of Battelle 
Memorial Institute, suggested, on hearing of this difficulty, that 
the mullite tubes be provided with silica sleeves which, although 
they could not stand the maximum temperatures encountered, 
would slow up the rate of heat penetration in the early stages 
enough to prevent spalling. When this was done, it was found 
that the probes penetrated well into the bed without breaking; 
but that the thermocouples were attacked by slag in the region 
of high temperature, leading to erroneous temperature indica- 
tions. This difficulty was eliminated by the provision of the 
cemented caps described in the section on ‘Test Apparatus.” 
These provisions made the uncooled probes quite massive, caus- 
ing their indications of temperature to lag in the early stages of 
each run. The method of correcting for this is described in the 
next section on “Supplementary Data.” 

The water-cooled probes used in the preliminary tests were also 
provided with silica sleeves and caps, but failed because of me- 
chanical breakage, so their use was discontinued. There was, 
however, some question as to whether gas samples taken with the 
uncooled probes would be cooled rapidly enough to quench the 
gas reactions and thus be representative of conditions in the fuel 
bed. The data in Table 13 show a comparison of gas samples 
taken from the same levels at No. 2 tuyére, west position, by both 
the water-cooled and uncooled probes. While these early runs 


TABLE 13 COMPARISON OF GAS SAMPLES DRAWN WITH COOLED AND UNCOOLED 
PROBES AT NO. 2 TUYERE, WEST 


Water-cooled probe ~ Uncooled 
above 
tuyéres, Run CO: O2 co Total Run CO2 O2 co Total 
in. No. percent percent percent per cent No. percent percent percent percent 
1 4 2.3 15.6 0.3 18.1 3 0.0 15.8 0.0 15.8 
8 3.6 15.4 0.2 19.2 9 2.8 15.9 0.1 18.8 
11 & 18.2 0.0 19.7 14 §.2 14.4 0.1 19.7 
15 6.9 12.4 2.5 21.8 
1'/s 7 0.9 18.4 0.0 19.3 
10 6.9 10.6 
3 2 7.9 6.2 2.9 17.0 3 0.7 19.1 0.7 20.5 
4 6.7 5.1 3.7 15.5 7 8.1 11.8 0.2 20.1 
8 13.8 4.5 a4 21.4 9 8.1 6.8 4.0 18.9 
11 0.7 20.3 0.3 21.3 10 11.9 5.6 P| 19.6 
15 13.1 5.8 0.4 19.3 14 14.0 2 3.8 19.0 
5 1l 1.5 18.8 0.4 20.7 rg 8.5 14.2 0.0 19.7 
15 5.7 7.9 6.2 19.6 14 12.3 3.1 4.4 19.7 
7 11 0.5 19.9 0.2 20.6 7 1.0 18.2 0.2 19.4 
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“i a wo, oe eee ee with the uncooled probe, from levels more than 4 in. above the 
No Rare om Bt | tuyéres, had analyses showing the presence of up to 10 per cent of 
6 2 Mme 0 | 4 combustible gases mixed with 3 per cent of oxygen. These facts 
| 2 indicated that the gas reactions may be rapidly enough quenched 
o 8 a . 7 even in the uncooled probe to introduce only negligible errors 
og-* 9 | in the gas compositions observed. 
| SupPLEMENTARY Data 
| (a) Correction of Temperature Indications. Tables 10 and 11 
ko. show that the temperatures, recorded when entering the fuel bed 
“a | ° above the tuyéres and when passing through the hot layer above 
27 oy 8 the retorts, did not reach steady values. It was recognized that 
eros I | . —— the probes were so heavy as to raise the question of temperature 
| & 90 equilibrium between them and their surroundings, so in the earlier 
02 — i? 1 | tests they were held in position until the rate of rise of tempera- 
x? 
Pad | HEIGHT 
RUN NO FURNACE ABOVE CENTER, NOTE 
° 4 MUFFLE 
0 O02 06. O08 10 T2 
my 7.0 
at MIN o 14 one 8 ° 68.9 
90 


Fia. 20 Data ror CorreEcTING TEMPERATURE INDICATIONS OF 
CappEeD PrRoBES 


rarely penetrated beyond 3 in. into the bed, and the analysis for 
H; and CH, in these samples was not completed, the data show 
that the differences between samples taken by the water-cooled 
and by the uncooled probes were less than the differences among 
samples taken by either one. In particular, the samples taken in 
run No. 9 with the uncooled probe are parallel to those taken in 
run No. 8 with the cooled probe, those from No. 3 with the un- 
cooled probe to those from No. 11 with the water-cooled probe, 
and so on. 

These results indicated that the water-cooled probe did not 
quench the gas reactions any more rapidly than the uncooled 
probe, as might be anticipated from the fact that the top ten 
inches of the water-cooled probe were uncooled. On the other 
hand, samples taken with the water-cooled probe and a tip only 
2 in. long (run No. 43, when no temperature measurements were 
made) do not differ consistently from samples taken at the same 
points with the uncooled probe. Finally, many samples taken 
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Fie. 21 Data ror CorrREcTING TEMPERATURE INDICATIONS OF UN- 
CAPPED PROBES 


TABLE 14 RESULTS OF TESTS CALCULATED FROM MOTION-PICTURE FILMS 


Transverse Time 
distance 
-———Film speed——. fraction motion 
Projected xposed ofc toe Transverse 
frames frames distance of projected, velocity, 
Set per sec per min tuyéres sec fph _ Calculated 
Long fire 
1 12.6 18.0 0.075 6 1.85 Rating, 1000 lb per hr: 
12.7 
2 14.9 18.0 0.106 10 1.33 Burning rate referred to air ad- 
—0.057 21 —0.34 mission surface.............. 69.8 
0.161 28 0.72 
3 13.6 18.0 0.034 7 0.67 Per foot length of tuyéres...... 61.1 
0.06 11 0.85 
—0.155 18 —1.18 Fuel bed depth, in...... 14 
0.106 10 1.45 
Average 0.68 +0.22 Coal flow rate... 0.58 
Short fire 
1 14.8 18.0 0.101 12 1.06 
—0.089 9 —1.25 
0.153 11 1.76 
0.072 13 0.70 Rating, 1000 lb per hr: 
2 13.9 18.0 0.095 14 0.96 119 
0.095 7 1.83 
3 14.4 18.0 0.078 8 1.26 Burning rate referred to air ad- 
0.070 13 0.70 mission surface.............. 67.2 
0.039 10 0.51 
0.068 16 0.55 
0.072 10 0.94 Per foot length of tuyéres.... . 58.8 
4 13.9 18.0 0.082 8 1.38 
—0.028 9 —0.42 Fuel-bed depth, in.............. 12 
0.037 7 0.52 
Average 0.75 +0.14 Coal flow rate................. 0.65 
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ture fell to 0.2 mv (32 F) per min in the belief that this would 
assure a discrepancy between the temperature observed and that 
of the surroundings less than the expected error (150 F). This 
required 5 min or more and thus shortened the traverses which 
could be made within the normal life of the probes, so this proce- 
dure was abandoned. It became necessary, therefore, to esti- 
mate, from the observed data, the temperature which would have 
been reached by the probe if left for an indefinite time at each of 
the lower levels. 

In order to do this, tests of capped probes were made in one of 
the pot-type furnaces in the Fuel Laboratory of the Pittsburgh 
Experiment Station of the U. 8S. Bureau of Mines, and of the un- 
capped probes in a special setup in the Coal Research Laboratory. 
The details of procedure and of analysis of the data are reported 
elsewhere (25), but the results of the tests are embodied in Figs. 
20 and 21, applying to capped and uncapped probes, respectively. 
These curves give data by the use of which the temperature of 
the surroundings, referred to as 7, may be calculated when both 
the indicated temperature T and its rate of rise at the time of ob- 


dT 
servation = are known. Thus, suppose the indicated tempera- 


ture with the capped probe is 1385 F and the rate of rise is 0.63 
From Fig. 20, at = 0.63 the ratio 
min dt min dt 

is 0.283 X 107-13, giving — T4 = 27 X Since (1385 
+ 460)4 = 11.56 X = 38.6 10! and 7; = (2490 — 460) 
= 2030 F. Fig. 21 is used in the same way except that only the 
first powers appear and absolute temperatures need not be 
calculated. It is estimated that corrected temperatures calcu- 
lated in this way are within +90 F of the radiant mean tem- 
perature at the point with the capped probes, and within +150 
F with uncapped probes. 

The temperatures at points, at which a continuous change was 
observed, have been corrected by the method thus described. 
These include the points less than 3 to 3'/2 in. above the tuyéres 
and those in the thin (about 2 in. thick) heated skin at the top of 
the retorts. At all other points, the observed temperatures were 
averaged, omitting from the average any continuous series 
which may have appeared at the beginning of the observation 
period, in which successive readings differed by more than 0.1 mv 
(15 F). It is estimated that these temperatures are in error by 
not more than 100 F, and considered probable that, if a consistent 
error exists, it is such as to make the recorded temperatures too 
low. 

(b) Estimate of the Flow Velocity of the Fuel. The magnitude 
of the transverse component of the fuel flow was estimated from 
the motion pictures taken at the end of the tests. This compo- 
nent is responsible for the delivery of coked fuel from the retorts 
to the tuyéres and has the direction of the horizontal perpendicu- 
lar to the center lines of the tuyére stacks and retorts. It is con- 
sidered positive in the direction from the center line of the retort 
toward the center line of the next adjacent tuyére stack. : 

Films taken through the auxiliary door in the rear wall of the 
furnace were projected through a glass balance case on a screen 
of tracing paper mounted inside the case, thus making it possible 
to mark the position on the back of the tracing paper of any promi- 
nent object at any time. Using a metronome as a timer, the 
progress of several bodies of fuel shown in each portion of the film 
was marked as points at '/:-sec intervals, while the film was being 
projected at a known rate. The center lines of the tuyére stacks 
were also shown on the tracing by passing a line through the aver- 
age position of the burning lane. The line of dots, representing 
the progress of each body of fuel, usually sloped downward to- 
ward the center lines of the tuyéres, although a few sloped away 
from them. From the slope of the line, making allowance for 
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perspective, the number of dots, representing the time of projec- 
tion, and the ratio of film speed as projected to that during ex- 
posure, the transverse component of the velocity of the fuel could 
be calculated. 

Some results calculated in this way from films taken at a load 
of 125,000 lb of steam per hr with both long and short fires are 
shown in Table 14. The films exposed at a lower load were too 
cloudy to permit calculation. The results have only a low pre- 
cision, but the values observed are close to those calculated from 
the dimensions of the bed. Moreover, the observed difference be- 
tween the flow velocities in the long and short fires is parallel to 
that calculated. 
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Parallel Versus Individual Operation 
of Multicyclones 


By L. C. WHITON, JR.,1 PORT CHESTER, N. Y. 


In this paper, the author discusses the problem of de- 
termining the comparative efficiencies of individual 
cyclone-type dust collectors and cyclones grouped with 
interconnecting ducts and hoppers. The test setup and 
procedure followed are described fully, while the results 
are completely tabulated. The conclusion is reached 
that, with a damper-equipped cyclone of the size used in 
actual practice and operated under identical conditions 
of resistance and temperature, performance of the indi- 
vidual cyclone is representative of the group in the field. 


HE increasing adoption of cyclone-type dust collectors in 
‘os for parallel operation indicates the importance of 
determining whether an individual cyclone or a group of 
cyclones with interconnecting ducts and hoppers would have the 
same dust-collection-efficiency characteristics. This is partly 
due to the fact that extremely accurate collection efficiencies may 
be determined for an individual cyclone, since a single unit 
handles a relatively small quantity of gas and, therefore, can be 
tested for its efficiency, other than by merely sampling the dust 
in the gas. The possibility of experimental error in the sampling 
method of determination is necessarily considerable.?, How- 
ever, by utilizing an individual cyclone, a far more ac- 
curate measure of the efficiency of this cyclone can be made 
by any one of several methods. For example, a given 
quantity of dust can be introduced into an otherwise dust- 
free gas, and the amount collected used for determining 
collection efficiency. 
Another accurate method of test can be arrived at by 
connecting a single cyclone to a flue, weighing the dust 
caught in an individual hopper for the collector, and then 


Tests oF SINGLE- AND MULTIPLE-CYCLONE OPERATION 


To check the matter a test setup was prepared as shown in 
Fig. 1. The arrangement consisted of three commercial-size 
cyclones with a common inlet and outlet duct, and a common bin. 
At the bottom of each cyclone and within the bin, a threaded 
connection was made so that small individual bins could be at- 
tached to the cyclones, although they would still have common 
inlet and outlet ducts. These individual bins prevented any 
circulation between cyclones via the bin. 

All cyclones were of Thermix design, the important feature of 
which is that each cyclone is equipped with a vertical damper at 
the inlet. Although in practice these vertical dampers are in- 
terconnected by an outside mechanism so that they are all in the 
same relative position, it was possible in connection with the 
second series of tests to be described to place them in variable 
positions so that one cyclone would handle a considerably greater 
quantity of gas than another. Thus the worst possible condi- 
tions were reproduced; hence, if any circulation were to occur 
with a resultant drop in collection efficiency, this fact would be 
noted. 


collecting the escaping dust in a cloth bag and determining at 
the increase in the weight of the bag. By comparing the 
absolute weight of dust caught and the increase in the — i Suieaiiintde Bin 
weight of the cloth collector, a greater degree of accuracy Common Bin 
of the efficiency determination may be attained than Fig. 1 Test Serup or THREE MULTICYCLONES IN PARALLEL 


by sampling at the inlet and outlet of a cyclone collector, 
due to the greater experimental error inherent in the sampling 
method. 

Such results have been studied, and field tests on a group of 
multicyclones of the same design have been shown to correspond 
accurately with observations made when one cyclone was tested.’ 

Nevertheless, it is important to observe the operation of indi- 
vidual or multiple cyclones under precisely the same conditions, in 
order to determine whether possible recirculation through certain 
of the cyclones destroys the efficiency of any of them because of 
varying static conditions, thus causing an over-all collection with 
multiple units which would not be true with an individual unit. 


! Prat-Daniel Corporation. 

? “Testing Dust Collectors,’ by J. E. Watson, Power, November, 
1939, pp. 68-70. 

3 “Dust-Collection Tests at New Power Plant of the Industrial 
Rayon Corporation,” by C. B. McBride, Combustion, September, 
1939, pp. 36-38. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Taz Amurt- 
CAN Society OF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


The dust used for testing was collected by an electrostatic pre- 
cipitator and was unusually fine due to some loss of coarser par- 
ticles in the gas which escaped therefrom. The analysis of this 
dust follows: On 100 mesh, 2.86; through 100 on 200 mesh, 
14.00; through 200 on 325 mesh, 10.38; through 325 mesh, 72.76. 

No attempt was made to use hot gases, since a comparison in 
operation rather than an absolute determination of cyclone effi- 
ciency was to be made. 

The dust, of which several barrels were received, was carefully 
mixed in a large bin in order to obtain a mixture that so far as 
possible would be uniform. 

In the test, air was drawn through the cyclones at a predeter- 
mined draft loss by means of an induced-draft fan at the outlet. 
The dust was fed through a 15-ft duct to the immediate inlet of 
the cyclones at an approximate rate of 2.5 to 3.5 grains per cu ft 
of air. The feeding mechanism was a special hopper, equipped 
with screens and a rotating device, which supplied an even load 
of dust. The mixture of air and dust was passed through an egg- 
crate guide in order to even the flow into the inlet duct immedi- 
ately above the cyclones. 

Although, as stated, the dust was carefully mixed, it was felt 
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that it might still be possible for certain portions in the bin to be 
coarser than others. In order to diminish the chance of errors 
occurring from this cause, the tests were run first with a common 
and then with an individual bin, rather than entire series of tests 
with a common bin, and then again with an individual bin. 
After each test, dust settling on the bottom of the 15-ft inlet duct 
was stirred with an air lance and allowed to pass through the 
collector. 


\ | 


Fie. 2) Detait SHowine Dir- 
FERENT PosiTIONS OF DAMPER 


Dera. Snowine 
Diteerenr Positions or DamPer 


As is shown in Fig. 2, the damper in the cyclone could be ad- 
justed to ten different positions. Position 7 was tangential with 
the cylindrical body of the cyclone and was the maximum open- 
ing permissible to obtain good dust collection and similar to the 
normal design of the cyclone inlet with the damper omitted. 


ConDITIONS AND RESULTS OF TESTS 


In the first series of tests, the results of which are given in 
Table 1, all three dampers were set in position 7. The draft loss 
ofthe cyclones was maintained at 2in. There was a slight varia- 
tion in temperature caused by a near-by furnace which was op- 
erating in the test laboratories. Also, in this first series, there 
was a variation in grain loading, due to the operation of the 
loader, which was not as uniform as desired. However, it is to 
be noted that the variation between 2 and 20 grains per cu ft does 
not noticeably affect the collection efficiency.‘ 


4“‘Operating Variables of Cyclone Dust Collectors,”” by L. C. 
Whiton, Jr., Chem. & Met. Engr., March, 1932, p. 150. 
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The average collection efficiencies, using either the common 
bin or the individual bin, were within 0.56 per cent, which is 
within the limit of tolerance for experimental error. Therefore, it 
should not be assumed that the common bin was necessarily 
more effective in the operation than the individual bin. How- 
ever, the results may be considered as conclusive proof that, with 
the dampers set in such a position as to obtain approximately the 
same static conditions in each cyclone, there is no decrease in 
collection efficiency when using the common bin. 

The second series of tests was conducted with the dampers of 
the cyclones set in various positions with the express purpose of 
creating different static conditions in the different units. It must 
be pointed out that positions 8, 9, and 10, as well as 1 and 2, are 
not indicated for the highest percentage of collection possible with 
this design of cyclone. Therefore, it is to be expected that the 
collection efficiencies will be somewhat less than in a more nor- 
mal range from positions 3 to7. The practical object in having 
available positions 8, 9, and 10 is to make it possible to pass 25 
per cent more gas through the units at position 10, and thus 
provide the capacity safety factor for temporary operating condi- 
tions which is desirable in connection with boiler-plant operation. 
In other words, without increasing the draft loss, it is thus made 
possible to reduce the number of cyclones to 80 per cent of what 
would otherwise be required. 

In Table 2, the results are the more interesting in that there 
was such a wide variance in the quantity of gas handled by each 
cyclone without any appreciable difference in the collection effi- 
ciency. This table actually indicates 0.26 per cent better collec- 
tion with a common bin, which is due to experimental error. 

It is well known that a group of cyclones in parallel can be 
thrown out of balance statically so that recirculation and reduced 
efficiency will result. From this series of tests, it can be con- 
cluded that, by use of a common bin, considerable variation in 
positioning of the inlet-control dampers, with resulting variations 
in cyclone capacity, can take place with no decrease in collec- 
tion. 

Provided the individual cyclone tested is equipped with inlet- 
control dampers, and is of the size to be used in actual practice 
and operated under identical conditions of resistance and tem- 
perature, it may be concluded that it is representative of the per- 
formance of the group in the field. 


TABLE 1 TEST RESULTS ON THREE CYCLONES IN PARALLEL SERIES WITH DAMPERS SET UNIFORMLY IN POSITION 7 


Cyclone Duration 
Test q resistance, of test, 
no. Type bin in. w.g. Temp, F min 
1 Common 2.0 85 20 
} Individual 2.0 79 16 
3 Common 2.0 81 15 
4 Individual 2.0 79 16 
5 Common 2.0 85 20 
6 Individual 2.0 75 101/2 
7 Common 2.0 th 9 
8 Individual 2.0 86 14 
9 Common 2.0 78 12 
10 Individual 1.94 85 14 
1l Common 2.0 77 171/74 
12 Individual 2.0 76 27 
Avg Common 2.0 
Avg Individual 1.99 


Loading, Weight 
Total air, Weight charged, grains per collected, Efficiency 

cu ft oz cu ft oz per cent 
69300 336 2.12 306.25 91.2 
54900 317 2.52 291 91.8 
51600 311.5 2.64 281 90 2 
54900 316 2.52 280 8S.5 
69300 317 2.00 294.75 93.1 
35700 317 3.88 290.5 91.7 
30750 317.75 4.52 288.25 90.8 
48600 314 2.82 282.5 90.0 
41100 316 3.36 291 92.2 
47700 311.5 2.85 284.25 91.3 
58950 318 2.36 286.5 90.1 
92100 318 1.51 289 90.9 

2.833 91.26 

ee 2.683 eeee 90.7 


TABLE 2 TEST RESULTS ON THREE CYCLONES IN PARALLEL SERIES WITH DAMPERS SET IN VARIOUS POSITIONS 


Damper position Cyclone Duration Loading, Weight 

Test 7—in cyclone— __ resistance, of test, Total air, Weight charged, grains per collected, Efficiency, 
no. Type bin A B C in. w.g. Temp, F min cu ft oz cu ft OZ per cent 
101 Common 3 5 7 1.94 79 15!/2 52200 316.75 2.65 285 90.0 
102 Individual 3 5 7 1.94 78 141/2 48700 313 2.81 279.5 89.4 
103 Common 7 5 3 1.94 83 141/2 49100 316.5 2.82 287 90.7 
104 Individual 7 5 3 2.0 82 13 44800 318 3.10 284.5 89.5 
105 Common 2 5 8 2.0 76 151/64 52000 315 2.65 276 87.7 
106 Individual 2 5 8 2.0 77 14 47900 316 2.88 274.5 87.0 
107 Common 1 5 9 2.0 81 151/4 52400 316 2.64 272 86.1 
108 Individual 1 5 9 2.0 82 14!1/2 49900 316 2.77 270 85.5 
109 Common 7 1 7 2.06 80 151/4 52300 318 2.66 276 86.5 
110 Individual 7 1 7 2.0 92 1 56200 318 2.47 282 88 7 
Avg Common 1.988 2.684 
Avg Individual 1.988 2.806 88.02 
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WHITON 


Discussion 


H. H. Busar.6 Mr. Whiton’s paper presents extremely in- 
teresting observations on the performance of an individual cy- 
clone, tested under the conditions stated, as a fair criterion of the 
field operation of a multiple-cyclone unit. 

From these observations it is deduced that the method 
outlined is more accurate than the commonly used sampling 
method of testing, because the possibility of experimental error in 
the sampling method is necessarily considerable. These observa- 
tions are amplified by the statement that extremely accurate tests 
ean be run on individual cyclones and that the extreme accuracy 
is partially due to the relatively small gas volume used. 

It is believed the accuracy of these and other conclusions made 
in the discussion, are open to question. Nothing in the paper 
justifies the conclusions drawn. In the tests as outlined, both in 
arrangement of apparatus and method of conducting the tests, 
hypothetical points are established which do not conform to 
field conditions. No proof is offered that measurement of small 
gas volumes is more accurate than measurement of large gas 
volumes. 

The error in testing is not experimental and it is not necessarily 
considerable, It is true that in a laboratory setup a given quan- 
tity of dust can be introduced into the gas stream and accurate 
data obtained. However, in field installations, the dust is al- 
ready in the gas stream and the relative quantity must be deter- 
mined. How otherwise than by the sampling method are the 
initial dust loading and gas volume to be obtained and checked 
in field installations? 

It is stated that field tests on a group of multicyclones of the 
same design have shown corresponding accuracy with observa- 
tions made on a single unit. While it is not stated how the field 
tests were made, this statement appears to be contradictory to 
the previous statement of ‘‘necessarily considerable” errors ex- 
perienced in testing a multiple unit in the field. 

It is stated that it is important to observe the operation of in- 
dividual or multiple cyclones under precisely similar conditions. 
The results of the laboratory tests, which do not indicate condir 
tions at all similar to field conditions, either in setup of apparatus 
or method of testing, are then presented as conclusive proof to the 
effect that testing an individual cyclone will give the same results 
as testing a multiple-cyclone installation. 

As a further basis for the statement of conclusive results ob- 
tained, the screen analysis of the dust used is stated as being 
“unusually” fine, as the dust was obtained from an electrostatic 
precipitator. This unusually fine dust is stated to have 72.76 
per cent through a 325-mesh screen. Recorded experience with 
dust from electrostatic precipitators on power plants would indi- 
cate this dust as being comparatively coarse, as such dust usually 
runs close to 90 per cent through a 325-mesh screen and often 
finer. 

It is stated that it is well known that a group of cyclones in 
parallel can be thrown off balance statically so that recirculation 
and reduced efficiency will result. If such is the case, then any 
test of a single cyclone unit should be considered to be inconclu- 
sive and the standard sampling method of efficiency determination 
used to establish the over-all performance of a multicyclone col- 
lector. 

It is stated that an egg-crate guide was used in order to even 
the flow into the inlet duct immediately above the cyclones. In 
field installations of any size, we have yet to find any case of an 
approximately even flow of inlet gas to dust-collecting apparatus. 

It is stated that, although the dust was carefully mixed, it was 
felt that it might still be possible for certain portions in the bin 


5 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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to be coarser than others. In extracting samples from various 
parts of flue or breeching on field installations, how often does it 
occur that the dust in these various samples is of uniform screen 
analysis? 

No draft differentials are given between various points in the 
apparatus to permit a check of operating conditions or to com- 
pute gas volumes accurately. 

No dimensions are indicated whereby size of cyclones, ducts, 
common bins, etc., can be determined so as to establish velocities 
at different points in the apparatus. 

In Fig. 1 a common bin is shown which does not conform in 
cross-sectional area with bins used in field installations. Because 
of this difference it is possible that air velocities and turbulences 
in this common test bin would be much higher than in the bins 
designed for field conditions. Assuming this possibility, then the 
draft differential in the test bin would be higher than that in 
the field installation, resulting in a definite variation between the 
test and field results. 

Also, the results of tests on three cyclones set up in parallel are 
deemed conclusive proof of what would be secured with, say, 
fifteen cyclones set up in parallel. This is questionable. 

The data submitted do not justify the conclusions drawn in 
the paper, either in the substitution of tests on a single collector 
for tests on an entire installation, or in the substitution of the 
method offered in preference to the sampling method as outlined 
in the tentative code of the A.S.M.E. 


P. H. Harpre.* The author has presented interesting data on 
the controversial subject of whether the performance of a single 
unit of a multicyclone dust separator can be accepted as repre- 
sentative of the combined units. The data obtained on the ex- 
perimental setup used would seem to prove that it can. How- 
ever, such a limited investigation should not be accepted as final 
proof. Are three cyclones in parallel representative of forty, or 
even twelve? Did the methods used to create an unbalanced 
condition produce the same type of disturbance to proper opera- 
tion as might be encountered in service? 

The failure of some installations of multicyclones to duplicate 
the performance of a single unit tested individually is thought to 
be due to poor distribution of flow at the entrance to the cyclones 
or to the disturbances set up in the outlet duct at the points where 
the escaping gases leave the cyclones. Either, or both, of these 
conditions could cause unequal pressures in the different units 
which would result in the flow of dust-laden gas from the bin 
through some of the units to the outlet duct. This condition is 
somewhat similar to that which exists when a bin is not properly 
sealed. 

The first group of tests would seem to indicate merely that, with 
these particular arrangements and dimensions of inlet duct, out- 
let duct, and bin, there is no difference in performance when op- 
erating with the common bin or with individual bins. In this 
connection it is noted that the flow in the inlet duct was straight- 
ened. The results would be more helpful if poorer rather than 
better distribution at entrance had been produced. 

The conditions imposed during the second group of tests were 
probably more severe than would be encountered in actual prac- 
tice. The results so obtained are highly informative; but does 
unequal flow through the different units, when produced by 
setting the dampers in different positions, reproduce the same 
type of unbalancing as sometimes exists when the dampers are 
in the same position? 

Even if we accept the author’s conclusion that one cyclone can 
be used to determine the performance of a large number of similar 


®* Research Engineer, Department, Technical Development and 
Research, Consolidated Edison Company of New York, Inc., 
Brooklyn, N. Y. Mem. A.S.M.E. 
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ones in parallel, there would seem to be good reasons for pre- 
ferring the over-all test after installation as proposed in the 
A.S.M.E. Power Test Code for Dust-Separating Apparatus. The 
apparent advantages of the single-unit test materialize only if 
the tests can be carried out in the manufacturer’s testing labora- 
tory. This means that a large representative sample of the dust 
must be collected and shipped to the factory. The collection of 
this dust is in itself almost as much of a job as running the over-all 
test. Even if a similar steam-generating unit, equipped with an 
electrostatic precipitator, is available from which a representative 
sample of dust can easily be obtained, there still remains the prob- 
lem of reproducing the original finely divided mixture of dust and 
gas in the laboratory. 

Dust particles, especially the very fine ones, tend to stick 
together once the dust has been collected and allowed to pack. 
By very fine particles is meant those which are considerably 
smaller than 44 mu (325 mesh). It is in this range of particle 
sizes that the efficiency by size of cyclone separators plunges 
toward zero as the particle size is reduced. Above 44 mu 100 per 
cent efficiency is easily attained. To the writer’s knowledge no 
satisfactory means has been devised for separating these conglom- 
erate particles and reproducing the original finely divided mix- 
ture of suspended dust. When using an elutriator for size analy- 
sis, it takes many hours and often days of operation before all of 
these conglomerate particles are finally broken up. Therefore, the 
greater accuracy of measurement obtained when testing a single 
cyclone loses its significance when there is no certainty that the 
dust-gas mixture being used is truly representative. 


H. E. Macomper.’ The author has proposed the idea that 
the performance of a dust-collector installation in the field, con- 
sisting of a number of collecting units operating in parallel, each 
of essentially identical size and design, will duplicate the indi- 
vidual performance of any one of the units of the assembly, or of 
a similar unit outside the assembly. The data presented for the 
conditions stated in the paper bear support to the idea. 

The writer, however, looking at the problem from the viewpoint 
of the user of dust-collection equipment, wishes to bring the 
following thoughts into the picture: 

1 A shop test or a field test of an individual unit should not 
supplant a field test of the entire equipment in position, even 
though the field test may be more difficult of attainment as to a 
comparable degree of accuracy. That is, the purchaser wants to 
know the degree of performance he is receiving from the assem- 
bled apparatus in his plant, regardless of the performance similar 
equipment may have shown to be possible in the shop, or which 
might be expected following the results obtained from tests of an 
individual unit of like size and design in the field. 

2 Conditions under which dust-collection equipment is ac- 
tually required to operate in some instances may vary consider- 
ably from day to day, as well as from the conditions previously set 
up as the typical basis upon which the guarantee is computed. 

3 Further, every dust collector is affected to some extent by 
variation in the density and size distribution of the dust particles, 
velumes of gas or air to be passed, arrangement of ducting pre- 
ceding the collector, etc. 

Thus, briefly, the situation as it concerns the ability of a collec- 
tor to meet a specified value of removal efficiency seems to be 
that, generally, the lower the value of the design-point efficiency, 
the greater will be the deviation from that value if the actual 
dust sizing or consistency as found is such that it contains an 
increased or decreased fraction of fines. 

The point which the writer wishes to emphasize is that, in the 
purchase of a collector, the field test, which would probably ac- 


7 Engineer, Production Department, The Detroit Edison Com- 
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company its operation before acceptance apparently assumes 
greater importance as the guaranteed-performance ability of the 
collector to be purchased is decreased. 

4 Even so, some manufacturers may state a guarantee on 
the basis of total collection efficiency and pressure loss for a 
typical condition, without regard to possible variation in field 
conditions, and some purchasers may buy the equipment with the 
understanding that the guarantee value of total collection ef- 
ficiency will be maintained regardless of field conditions. On the 
other hand, other manufacturers definitely state any guarantee 
of total collection to be subject to adjustment according to the 
actual conditions and make-up of the gas- or air-borne dust en- 
countered in the field. 

Considering the points here outlined, it is the writer’s opinion 
that, although the performance of an individual cyclone unit 
was indicative of the performance of multicyclones, when handling 
caught dust under the stated conditions, he would not, as a 
user, be satisfied that the results so determined should be con- 
sidered as applicable to the performance of field-assembly in- 
stallations in position. 


R. F. O’Mara.’ Since the subject of this paper is one in 
which we have been interested and on which we have been 
carrying a continuing research program over the last 12 years, 
we feel that the tests as discussed represent a good beginning of 
such an investigation, but that they are quite academic and too 
sketchy to justify the broad conclusions which have been drawn. 
On the whole, however, our many tests both in the laboratory and 
in the field substantiate the broad conclusions outlined in the 
paper. 

In carrying work from the laboratory to the field or when mak- 
ing tests on an installation in the field on which to base selection 
of the final equipment, it has been our experience that the same 
size collector in physical dimensions as is to be used in the final 
installation must be tested and that, if this is done, the results 
from a single tube can be reasonably well checked with an installa- 
tion consisting of a large number of identical small tubes. The 
following results are taken from check tests on a single tube 
followed later by actual installations: 


VENTILATING AIR FroM CLINKER GRINDERS 


Preliminary Test. One 9-in. tube; efficiency 93.8 per cent at 2.8 in. 
pressure drop 
Installation. 18 tubes; efficiency 92.4 per cent at 2.9 in. pressure 
drop 


AspHALT-MIXxING PLANT 


Preliminary Test. One 9-in. tube; efficiency 94.7 per cent at 2 in. 
pressure drop 
Installation. 20 tubes; efficiency 94.5 per cent at 3 in. pressure drop 


BoILeR 


Preliminary Test. One 9-in. tube; efficiency 85 per cent at 2 in. 
pressure drop 
Installation. One hundred and eighty 9-in. tubes; efficiency 85.6 per 
cent at 2 in. pressure drop 


CreMENT-KILN Gases 


Preliminary Test. One 9-in. tube; efficiency 86.6 per cent at 3.3-in. 
pressure drop 


Installation. Two hundred and eighty-eight 10'/;-in. tubes; efficiency 
85.5 per cent at 4 in. pressure drop 


Gases From Fuuuer’s-EartH TREATING FURNACE 


Preliminary Test. One 6-in. tube; efficiency 92.8 per cent at 2 in. 
pressure drop 

Installation. Thirty-six 6-in. tubes; efficiency 92.5 per cent at 2 in. 
pressure drop 


8’ Western Precipitation Corporation, Los Angeles, Calif. Mem. 
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WHITON—PARALLEL VERSUS INDIVIDUAL OPERATION OF MULTICYCLONES 


In multiple operation of cyclonic separators study of the 
header design to provide good distribution both of the gases 
and the suspended solids is equally as important as the hopper 
construction. 

The discussion in the paper regarding sampling technique indi- 
cates lack of knowledge or investigation of the refinements in 
sampling technique that have been developed in other indus- 
tries, particularly the metallurgical industry, both for ferrous 
and nonferrous metals. Here, guarantees are required on re- 
covery of gold, silver, and precious metals from smelter gases and 
1 per cent more or less in efficiency may mean losses of thousands 
of dollars a year. Efficiencies are not based on particle size but 
on a basis of the percentage recovery of the actual values in the 
escaping dust. Ofttimes these values lie in the finer rather than 
in the coarser material. 

Power-plant engineers could take a leaf from the metallurgical 
engineers’ refinements in sampling techniques for gases carrying 
suspended matter in the solid or liquid state. The following 
bibliography is given on the measurement of suspended solids and 
gases: 
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J. M. DautuaVaLie.? The characteristics and limitations of 
multicyclones have never been treated comprehensively. This 
has been due in part to their relatively recent introduction in the 
field of dust collection, and perhaps also to inability to generalize 
performance in terms of tests carried out with a so-called “‘stand- 
ard” dust. Mathematically, the behavior of a particle in a cy- 
clone is easily determined, but anyone having even slight ex- 
perience with particulate matter knows well that its true dy- 
namical behavior depends upon other considerations than a 
knowledge of accelerating forces alone. A discussion of some 
of the factors involved in the development of an ideal cyclone 
was presented by Lissman” several years ago. In particular, 
Mr. Lissman discusses the design arrangements necessary to re- 
duce turbulence in the dustbin in order to assure a minimum of 
interference with other cyclones (in parallel) connected to it. This 
paper emphasizes what is actually achieved in this connection 
under operating conditions. 

The fact that a common dustbin with cyclone control dampers 
set in various positions does not materially affect the efficiency 
of dust collection (as compared with individual bins) is heartening 
to dust engineers who have heretofore possessed no definite in- 


*In charge, Environmental Sanitation Section, U. S. Public 
Health Service, Bethesda, Md. 

10**An Analysis of Mechanical Methods of Dust Collection,” by 
M. A. Li n, Chemical and Metallurgical Engineering, vol. 37, 1930, 
pp. 630-634. 
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formation in this connection and in fact have often questioned its 
use. More striking than this, however, is the fact that changes 
in the control damper setting in no way appreciably affect the 
collection efficiency of the cyclone. This, as the author notes, is 
an important consideration in boiler plants equipped with multi- 
cyclone collectors where air volumes handled vary greatly, but 
draft losses must not be increased. 

The writer expresses the hope that the author and others inter- 
ested in the performance of multicyclones will make available 
their knowledge of the behavior of other dusts than fly ash, and 
perhaps decide upon a uniform performance test to be used in the 
laboratory. The testing of equipment after instead of before 
installation is not only costly to all parties concerned in event its 
performance is unsatisfactory, but also confuses the prospective 
purchaser who as a rule cannot judge the merits of various designs 
tested in a score of different ways. 


AUTHOR’s CLOSURE 


Mr. Bubar’s observations appear to be mainly intent upon the 
necessity of dust sampling in the field in preference to testing one 
cyclone. 

It was not the intent in this research to make such comparisons, 
and it might be stated that the author is highly in favor of field 
test. It was intended in this research to give the results in a 
specific instance of testing one cyclone or testing three cyclones 
under accurate test conditions. If all of the information supple- 
mental to this simple series of observations were included, as Mr. 
Bubar feels would be of interest, the amount of data presented in 
this report would have been far beyond its intended scope, or 
the time allotted for the presentation. 

Mr. Macomber’s observations also bring out the point con- 
cerning field tests compared to single cyclone tests. As observed 
previously, this was not the intent of the report. 

The author thoroughly agrees with the point brought out by 
Mr. Macomber that an adjustment should be included in guaran- 
tees for variations in dust fineness that may be encountered in 
practice, over that assumed before the installation is installed. 
The author’s company, however, has had some difficulty in get- 
ting people to agree to such a plan, and consequently in general 
has offered lower operating guarantees than would be expected 
from their own experience, in order to cover such contingencies 
as mentioned by Mr. Macomber. 

Mr. O’Mara’s observations appear to bear out the conclusions 
of the report, and it is interesting to have such confirmation from 
another manufacturer. 

Mr. Hardie has brought out some important points which add 
considerably to the information contained in the original paper. 

He asks perfectly correctly whether it may not be possible 
that three cyclones with a common hopper operate successfully, 
whereas 40, oreven 12, may not. This is a very just observation, 
and the author cannot say from experience whether, for example, 
40, cyclones would operate the same as the 3 in this test. In com- 
mercial practice, however, the number of cyclones connected with 
one hopper is necessarily limited. In view of the results of this 
test, therefore, any group connected with the hopper may be con- 
sidered the unit. Four to nine cyclones are generally used per 
hopper. In one instance we know of twenty 2-foot cyclones per 
hopper, but this was unusual and exceptional, and is not to be 
recommended, especially as the hopper is extremely deep in such 
an instance because of the necessary angles of its sides. 

Mr. Hardie states that tests of some installations of paralle? 
operated cyclones do not always duplicate the performance of 
single units tested individually. There have been frequent oc- 
casions to compare field tests with tests of a single cyclone, and 
as far as can be observed, the rule is that they show a similar 
collection, and it is rather the exception that they do not. In such 
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instances this may be due to duct layout, the settling of dust in 
the flues, and various other factors which sometimes make it 
difficult to approach the ideal from the standpoint of field testing, 
even with the greatest of skill being exercised. 

As Mr. Hardie points out, the variable positioning of the 
cyclone dampers in the second series of tests is a condition more 
severe than in actual practice, but questions whether or not this 
reproduces the condition of different static conditions being 
created in the flue connecting a series of cyclones. He is probably 
correct that it is not precisely comparable. However, it has been 
the custom of the author’s company to connect the inlets and 
outlets of the cyclones to large rectangular overhead ducts that 
are practically plenum chambers themselves. Many static read- 
ings have been taken at various parts of such ducts, and it has 
been found that the static condition is practically uniform 
throughout. It is, therefore, probable that the eccentric position- 
ing of dampers in the test observations is considerably more 
severe than is ecountered in practice. 

The author agrees with Mr. Hardie that it is preferable to oper- 
ate a field test in accordance with the A.S.M.E. proposed code. 
The only advantage of utilizing a single unit test is that consider- 
able information can be obtained by a prospective user, before 
the final installation is made, by attaching such a unit directly 
to his flue. Furthermore, cases may present themselves where it 
is an impossibility to obtain a field test because of the arrange- 
~sent of ducts, the settling of dust in the flues, and other factors. 
In such an instance a single unit test might be valuable. 

Testing of dust in the manufacturer’s plant necessarily requires 
dust that has been previously collected. It has been found that 
if dust from the electrostatic precipitator is used, it is generally 
somewhat finer than the dust in the gas itself, and such dust ap- 
pears to give about the same results as when a unit is hooked up 
directly to the flue. It may be that the fact that it is harder to 
collect, because of its greater fineness, is compensated for by some 
conglomeration. 
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In a series of tests run at the Stamford Gas and Electric Com- 
pany a cyclone was attached to the flue. At 2 in. draft loss and 
an average of 289 deg an over-all collection of 88.1 per cent was 
obtained with pulverized-fuel dust. Dust was then taken from 
the electrostatic precipitator at the same plant, which analyzed 
77.9 per cent through 325 mesh, and, at an average of 2.6 in. draft 
loss, 91.3 per cent was the efficiency with the same cyclone pre- 
viously used at Stamford. The draft loss was somewhat higher; 
therefore a better collection should be expected. Furthermore, 
the gas temperature was atmospheric; hence about 220 deg less 
than at Stamford, which would further increase efficiency. 

A further series of tests was then run in the research plant, 
using hot flue gas to carry the electrostatic dust. At an average 
draft loss of 2.1 in., and an average temperature of 433 deg, an 
average collection of 90.1 per cent was obtained with slightly finer 
dust, which averaged 80.01 per cent through 325 mesh. These 
tests are given primarily because they are on the same plant with 
the same dust, and might further be compared with seven hour 
tests, extending over 14 consecutive days, at the plant of the In- 
dustrial Rayon Corporation,'! which had 30 cyclones of the same 
design per boiler. Here the draft loss was less, namely, 1.45 in., 
the temperature averaged 345 deg, and the collection showed 88.4 
percent. The screen analysis of the dust in the flue was especially 
fine, however, being an average of 88.6 per cent through a 325- 
mesh screen. The reason for this was that the boiler which was 
designed for 90,000 Ib of steam per hour was averaging 52,000 Ib 
per hour during these tests. 

The author believes, therefore, that although the research 
reported in the original paper is limited necessarily, the observa- 
tions elsewhere seem to bear out the conclusions with the par- 
ticular cyclone tested, 


Dust Collection Tests at New Power Plant of Industrial Rayon 
Corporation,’ by C. B. McBride, Combustion, September, 1939, pp. 
36-38. 
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Penstocks for the Grand Coulee Dam 


By P. J. BIER,! DENVER, COLO. 


The ultimate power development for the Grand Coulee 
Dam includes eighteen main units of 150,000 hp each and 
three station-service units of 14,000 hp. Individual pen- 
stocks of 18 ft diam were provided for the main units and of 
6 {t diam for the station-service units. The penstocks are 
of welded-plate steel construction, fabricated and X-rayed 
in accordance with the API-ASME Code. The 18-ft pen- 
stocks were fabricated in a plant erected near the dam, and 
the 6-ft penstocks were produced in the subcontractor’s 
shop. All penstocks were installed in octagonal tunnels 
provided for that purpose through the dam, and were em- 
bedded in reinforced concrete after installation. 


GENERAL DESCRIPTION 


HE penstocks for the Grand Coulee Dam on the Columbia 

Basin project, Washington, were provided for the release 

of water under pressure for the production of power. The 
total estimated flow through the penstocks, at a rated head of 
330 ft for the turbines, is approximately 82,000 sec-ft, based on 
the ultimate development of eighteen main power units and three 
station-service units. The main-unit penstocks are 18 ft in 
diam, serving turbines of 150,000 hp each, and the station-service 
penstocks are 6 ft in diam, serving turbines of 14,000 hp each, 
making a total ultimate capacity of 2,742,000 hp. The generat- 
ing equipment will be installed in two separate buildings, one 
on the east bank of the river called the right powerhouse, and one 
on the west bank of the river called the left powerhouse. The 
two powerhouses are located at the downstream toe of the dam, 
and will contain nine main power units each, the left powerhouse 
including, in addition, the three station-service units. 

All penstock intakes will be protected by trash racks arranged 
in semicircular form around the openings, and reaching up to 
within 21 ft of the crest of the dam. Hydraulically operated 
coaster gates will be installed on the face of the dam to shut off 
the flow from any of the main-unit penstock intakes until the 
turbines have been installed. The upstream ends of the main- 
unit penstocks were provided with hemispherical bulkheads to 
exclude the reservoir water from the penstocks during construc- 
tion, and until the turbines are installed. After the installation, 
the intake will be closed with the coaster gate, and dewatered 
through a drain valve in the bulkhead, which latter is then flame- 
cut into small pieces and removed through the manhole. 


INSTALLATION AND CONTRACTS 


While the initial installation includes only three main units 
and two station-service units, the penstocks were installed for 
the full development. The Grand Coulee Dam is being built 
in two stages and under two separate contracts. The first con- 
tract included the foundation to an approximate elevation of 
1000, and the second contract calls for the completion of the 
dam to elevation 1311. As it was not feasible to install the pen- 
stocks under the first contract, tunnels were provided which 
permitted the installation of the penstocks at a later date. 


1 Senior Engineer, Bureau of Reclamation, United States Depart- 
ment of the Interior. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, of THe AMERICAN 
Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


These tunnels were of octagonal shape, 24 ft in size for the main- 
unit penstocks and 12 ft for the station-service penstocks. 
They were reinforced to resist the loads on the dam due to its 
dead weight and live water load, and for temperature effect. 

The tunnels were started under the first contract, and com- 
pleted to the upstream face of the dam under the second contract. 
The contract for the fabrication and installation of the penstocks, 
exclusive of the installation of the upstream sections containing 
the bulkheads, was awarded to the Western Pipe and Steel Com- 
pany of San Francisco, at a bid price of $1,456,624 which in- 
cluded twelve 14-ft-diam pump inlet pipes. This sum, however, 
did not include the cost of transporting the pipes and pipe ma- 
terials to the fabricating plant and to the dam. The estimated 
weight of all pipes furnished under the contract was approxi- 
mately 8300 tons. The contractor sublet the fabrication of the 
station-service penstocks and the preparation and rolling of the 
plates for the main-unit penstocks to the Chicago Bridge and 
Iron Company. 

The 18-ft-diam penstock, because of the impossibility of 
shipping pipe of this size, made shop fabrication impracticable, 
and it was necessary to erect a field-fabricating plant near the 
dam. Erection of this plant was started in April, 1938, and 
shop fabrication was completed in March, 1940. The installation 
of the penstocks was completed in May, 1940. 


DESIGN OF PENSTOCKS 
Marn-Unir PENsTOCKS 


The penstocks are on a slope of 20'/, deg, starting with eleva- 
tion 1041 at the upstream face of the dam and dropping down 
to elevation 938 at the turbine inlet, as shown in Figs. 1 and 2. 
The penstocks have an inside diameter of 18 ft which is reduced 
to 15 ft with a reducing bend near the turbine. The 15-ft-diam 
end section is connected to the turbine-scroll case with a double- 
acting expansion joint, as shown in Fig. 3, which will permit both 
axial and lateral displacements of the turbine in relation to the 
penstock. Axial displacements will be caused by temperature 
changes in the pipe and turbine, and lateral displacements by 
deflections of the dam and deformation of the foundation. 

The inlet transitions are 30 ft long, and were designed to reduce 
inlet losses. They were formed in the concrete, and are provided 
with 30-in. air pipes, to facilitate the escape of entrained air 
when in operation or filling, and the inflow of free air when 
draining the penstock. The air pipe will also serve as a vent 
when the penstock is empty. 

Each penstock is 329 ft long from the face of the dam to the 
scroll case, and is embedded in the tunnel backfill except for 10: 
ft around the expansion joint, where an access chamber was. 
provided for the maintenance of the joint packing. This. 
chamber can be reached by a passageway from the powerhouse. 
The penstocks were designed for a maximum head of 420 ft, 
including a static head of 360 ft and a water-hammer head of 60: 
ft. The head due to water hammer was computed in accordance 
with the rigid and elastic water-column theories on a basis of a. 
minimum closure time of 4 sec at full gate, the turbine specifica- 
tions calling for governors adjustable to a rate of turbine-gate 
movement of from 4 to 12 sec for a full-closing stroke. 

The design of the penstocks was based on the use of firebox- 
quality steel plate, grade B, A.S.T.M. designation A-89, which 
has a minimum yield point of 27,000 lb, a minimum tensile 
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strength of 50,000 psi, and an elongation in 2 in. of 32 per cent. 
This steel was selected because of good welding qualities due to 
a low carbon content (0.20 to 0.22 per cent), which reduces the 
tendency of air hardening and produces ductile welds. Shocks 
due to water hammer and surge waves induce impact stresses 
which may be the cause of failure, especially in penstocks with 
brittle welds. With the use of this ductile steel, and due to the 
fact that the penstocks were to be embedded in reinforced con- 
crete, thermal stress relieving of the pipe sections was not con- 
sidered necessary. Radiographic examination of the welded 
joints, on the other hand, seemed desirable because it provides 
an effective check on the quality of welding, and permits an in- 


crease in joint efficiency from 80 per cent to 90 per cent, in ac- 
cordance with the API-ASME Code for Fusion-Welded Unfired 
Pressure Vessels, which was adopted for this work. As an 
additional safeguard, a hydrostatic-pressure test was specified 
for all completed pipe sections. 

Several schemes of installation were studied, and the scheme 
adopted consisted of embedding the penstocks in the tunnel 
backfill and painting the outside of the pipe and stiffeners to 
prevent a bond between the steel and concrete, thus permitting 
the pipe to “breathe” between empty and pressure conditions. 
A design stress equal to two thirds of the yield point was used for 
the fully embedded pipe having ample concrete coverage and 
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reinforcement, and one half of the yield point for the pipe near 
the downstream toe of the dam where the concrete cover was not 
considered sufficient to aid the shell in resisting the internal pres- 
sure. The shell thickness was computed at */, in. at the upper 
end increasing by '/,-in. increments to 11/,. in. at the lower end 
of the tangent, and to 11/2 in. in the bend and lower end section. 

Each penstock was provided with three percolation rings near 
the upstream end to retard the seepage of water along the out- 
side of the shell. Single stiffener rings, 1°/s in. thick X 10 in. 
high, were welded onto the shell every 10 ft to maintain the cir- 
cularity of the pipe section during fabrication, handling, and 
installation. Structural-steel supports, as shown in Fig. 4, 
were provided at every other stiffener ring, at the bottom and 
the top, the former to support the weight of the empty pipe dur- 
ing installation and the latter to protect the pipe against uplift 
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during concreting in the tunnel. Lateral struts were provided at 
the supporting points to maintain the pipe in alignment while 
concreting. The lower supports were pinned at top and bottom 
to permit temperature movements in the line during erection. 
The reducing bend was designed with a long radius and small 
deflection angles to reduce turbulence and head losses. A 24- 
in-diam by-pass pipe was connected to the upstream end of each 
penstock to provide means for filling the penstock, and to make 
it possible to operate the coaster gates under balanced pressure. 
The by-pass lines take water from the reservoir through a grated 
inlet and are controlled with double valves located in valve 
chambers near the 1050-ft gallery. The penstock is made 
accessible with a 20-in-diam manhole, placed on top of the pipe 
near the upstream end, which can be reached through a shaft 
from the gallery. Each penstock can be drained through an 
18-in. drain at the downstream end of the pipe. The manhole 
and by-pass openings were reinforced to compensate for the loss 
in metal cut from the shell. The reinforcement consists of a 
plate ring welded to the shell, the nozzle being made from a pipe 
nipple and welding-neck flange. The manhole opening was 
streamlined with a plug welded from light-gage steel provided 
with drain holes to prevent unbalanced pressures. As the man- 
hole is located in an open shaft, the pipe shell around the con- 
crete will be subjected to secondary bending stresses; therefore, 
it was increased in thickness by inserting a 15/s-in. plate for the 
length of the course and for one sixth of the circumference. 


APRIL, 1941 


The bulkheads placed in the upstream sections are hemispheri- 
cal, and were welded from spherically formed plates and a 
central closing plate, as shown in Fig. 5. Special flanges were 
welded to the bulkhead shells for attachment to the upstream- 
pipe sections. These flanges were designed to resist the bending 
stresses due to the deformation of the shell when under pressure. 
The pipe shell opposite the flanges was stiffened with a number 
of ribs placed radially along the outside diameter. The hemi- 
spherical shape was selected as being the most efficient from the 
standpoint of stress, also because ellipsoidal heads for this 
diameter were not available, and could not be transported in one 
piece. The bulkheads were designed for a static head of 270 
ft, requiring a '/:-in. shell, which was increased to 5/s in. to allow 
for corrosion and to provide additional safety in view of the 
importance of this water stop. 

Two sets of piezometric orifices of four each, located 100 ft 
apart, were provided for the purpose of performing flow and 
pressure tests. The stainless-steel orifices were placed at 
quarter points of the shell. Individual lines of 3/,-in. extra-heavy 
steel pipe were run from each orifice to the terminal box in the 
powerhouse, with one static-pressure line from the reservoir 
to the terminal. Grout holes consisting of l-in. pipe taps, were 
provided in the penstocks, for the purpose of back-grouting and 
consolidating the concrete backfill. They were placed on the 
inside of the pipe at horizontal and vertical centers, on each 
side of the stiffeners and percolation rings. 


STATION-SERVICE PENSTOCKS 


The station-service penstocks are similar in design to the 
main-unit penstocks. The intake is located at elevation 1041, 
and the penstocks slope toward the turbines on an angle of about 
20 deg, as shown in Fig. 1. Each turbine will be protected with 
a ring-seal gate. Penstock No. 83, which is to serve the future 
turbine, is provided with a welded bulkhead at the downstream 
end. A bulkhead gate will be used on the upstream face to close 
any of the three intakes when the turbines and ring-seal gates 
are installed. The three intakes were closed with temporary 
timber bulkheads before the reservoir level reached the intake 
elevation during construction. Between the lower ends of the 
penstocks and the ring-seal gates, double-acting expansion joints 
are installed, for similar reasons as for the main-unit penstocks. 

The penstocks have a uniform diameter of 6 ft and are 332 ft 
long, from the face of the dam to the ring-seal gate. They were 
designed for a total head, including water hammer, of 400 ft, 
which resulted in plate thicknesses of */, in. in the tunnel and °/\¢ 
in. at the downstream end near the toe of the dam. The pen- 
stocks were fabricated in the subcontractor’s Birmingham plant, 
in 20- and 40-ft lengths, ready for installation in the tunnels. 
Each penstock was provided with a manhole-and-drain connec- 
tion, also with piezometer orifices, grout holes, percolation rings, 
stiffeners, and supports, similar to the 18-ft-diam penstocks. 


FABRICATION OF MAIN-UNIT PENSTOCKS 
PLANT 


The field-fabricating plant was located near the construction 
railroad in a settlement called Electric City, located about 3'/: 
miles from the dam. The plant consisted of a storage yard for 
incoming pipe materials, a welding shop, and a yard for testing, 
painting, and the storage of completed pipe sections. The 
welding shop was of frame and corrugated-steel construction, 
70 ft wide, 260 ft long, and 45 ft high under the roof trusses. 
Adjoining the shop building on one side was an annex containing 
transformers and shop equipment, also offices for the shop super- 
intendent and the government inspectors; on the other side of 
the building was an office for the X-ray technicians, and a de- 
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Fic. 6 Testing Macuineé ror Matn-Unit Penstocks 


PortaBLe X-Ray Arparatus Usep iN FABRICATING PLANT 


Fie. 7 


veloping room for the X-ray films. The entire plant, including 
yards and shop, was served by a 35-ton gantry crane having a 
span of 66 ft 6 in. and a runway of about 1100 ft. 


SuHop EQuiIPMENT 


The shop equipment consisted of four setting-up bases for the 
fitting and welding of the 18-ft pipe shell and stiffeners. Each 
base consisted of a series of concrete piers arranged in a circle and 
provided either with level steel platforms or with steel brackets 
or telescoping pipes on each pier, depending upon the fitting 
work to be done. A bulldozer, supported on a structural-steel 
traveler, was used to hold the two halves of the pipe or the pipe 
and stiffener together when tack-welding preparatory to the final 
welding. A motor-driven trolley and a roller base were installed 
for the movement and rolling of the pipe, during the welding of 
the longitudinal and circumferential joints, respectively. For 
the automatic-welding work, a welding machine was used which 
was supported from a_ structural-steel tower. A_ specially 
built testing machine, as shown in Fig. 6, was provided for the 
hydrostatic-pressure tests. The X-ray apparatus used is shown 
in Fig. 7; it was of portable construction with a capacity of 200 
kv at 8 ma. A number of adjustable, rounding-out spiders, 
made of round bars with a central plate, were used for the pipe 
sections during construction and until the stiffeners were welded 
on. The auxiliary equipment in the shop annex included an air 
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compressor and receiver, a lathe, planer, milling machine, drill 
press, and a Riehle testing machine. 


PRocEDURE 


The 18-ft penstocks were fabricated in sections or erection 
lengths of 20 ft, weighing up to 28 tons each, except the up- 
stream-end sections containing the hemispherical bulkheads, 
which were produced in 23-ft lengths, weighing about 37 tons 
each. The pipes were made from two 120-in-wide plates which 
were beveled for welding, and rolled in the subcontractor’s Chicago 
shop, then shipped to the field-fabricating plant for completion. 
The fabrication procedure for a 20-ft pipe section was as follows: 


1 Two rolled plates were set up and aligned on one of the 
fitting bases and tack-welded into a cylinder. 

2 A rounding-out spider was inserted into the 10-ft tack- 
welded pipe course, which then was taken to the trolley under the 
automatic welding machine, and welded along the longitudinal 
seam. 

3 The stiffener rings, having been flame-cut in six segments 
from 13/s-in. plates and assembled on a special platform, were 
fitted to the 10-ft pipe course. Intermittent fillet welds, 6 in. 
long and 12 in. on centers, alternated on both sides, were used 
between the pipe and the stiffener ring. 

4 Two 10-ft pipe courses were tack-welded together, then 
placed on the roller base, and completely welded on the auto- 
matic machine. 

5 The welded seams were radiographed in 16-in. sections, 
marked along the joint. If no welding defects were disclosed in 
the films, the pipe section was ready for the pressure test. 

6 The pipe section, after passing the visual inspection and 
X-ray examination, was placed in the testing machine, and 
subjected to a hydrostatic-pressure test of about 150 per cent of 
the design pressure, stressing the shell to approximately 21,000 
psi. The test pressure was applied and relieved three successive 
times, and held a sufficient length of time to permit a thorough 
inspection of all joints for signs of leakage or failure. This pres- 
sure test proved its value as cracks from 4 to 9'/: in. long were 
discovered in five pipe sections, which apparently eluded detec- 
tion by X-raying. Four of the cracks were near the junction of 
the longitudinal and girth seams where stress concentrations due 
to welding are more prevalent. 

7 After the pressure test, the pipe section, with the exception 
of areas within 10 in. of the joints to be welded, was cleaned on 
the outside of all rust, dirt, grease, and loose scale, and painted 
with two coats of coal-tar paint applied cold. After the paint 
was dry, the section was ready for transport to the dam, and 
erection in the tunnels. 


WELDING PrRocEss 


The contractor used the single-pass process of welding for all 
machine welds in the pipe shell, for plate thicknesses up to and 
including 11/1, in.; for all heavier plates, manual welding was 
used. Single-V welding grooves were used for the automatic 
welds, and double-V grooves for the manual welds. In the auto- 
matic welding process, the joint was welded in one pass on the 
outside of the shell, the welding lead remaining stationary while 
the pipe was moved along the trolley for the longitudinal seam or 
rotated on the roller base for the circumferential seam. During 
welding, a water-cooled grooved copper backing-up bar was 
pressed against the underside of the shell opposite the welding 
head by means of a bracket attached to a pipe post. The flux 
was deposited ahead of the welding operation and a coiled, bare 
electrode was fed in automatically, the welding speed and 
electric current having been regulated to suit the plate thick- 
ness. The lower layer of the flux covering the joint was fused 
into solid slag which protected the deposited weld metal against 


= 
ee 


224 TRANSACTIONS OF THE A.S.M.E, 


the atmosphere, and effected some annealing of the weld. Pre- 
paratory to making a longitudinal-seam weld, small plates of the 
same thickness as the shell were welded to both ends of the pipe 
course to form extensions of the welding seam. The starting 
plate, about 6 in. square, was in one piece and the finishing plate 
in two pieces, each 41/2 in. wide X 7!/2 in. long, both beveled 
for welding and tacked together at the bottom of the groove. 
By this means, the tendency to crack, especially at the finishing 
ends of the longitudinal joints, was practically eliminated. After 


Fic. 8 Two HEMISPHERICAL BULKHEADS WELDED TOGETHER FOR 
PRESSURE TEST AND BEING SEPARATED BY FLAME-CUTTING 


welding, the extension plates were removed by flame-cutting, 
and the welding edges restored by grinding. The undersides of 
the single-pass welds were chipped to sound metal, and back- 
welded by hand, producing a double-welded butt joint as required 
in the specifications. 

Before the automatic- and manual-welding processes were 
authorized, the contractor was required to furnish proof of their 
adequacy. Accordingly, two #/,-in. plates and two 1'/,¢-in. 
plates were welded up by the contractor with the single-pass 
process, and two 1!/;-in. plates with the manual process. Test 
specimens machined from the */,-in. and 11/,.-in. plates showed, 
for the weld metal, yield points and tensile strengths well in 
excess of the plate values, although the elongations, at 30 per 
cent, were somewhat lower. Similar results were obtained with 
test specimens machined from the 11/:-in. manually welded 
plates, which indicated average elongations of 28 per cent and 
strength values also well in excess of the parent plate. 

The hemispherical bulkheads were pressure-tested by welding 
two bulkheads into a closed vessel, which was facilitated by the 
fact that the bulkhead flanges were rolled in pairs requiring only 
the welding of a head to each end of the double flange. A hydro- 
static pressure of 240 psi, or about double the design pressure, 
was applied and relieved three successive times similar to the 
pipe tests. After testing, the two flanges were separated by 
flame-cutting, as shown in Fig. 8, and the bulkheads were 
welded into the upstream pipe sections of each 18-ft penstock, 
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using a heavy butt weld between the end of the pipe and the 
underside of the flange. 


QUALIFICATION OF WELDERS AND WELD INSPECTION 


All welders engaged on manual welding were tested and 
qualified in accordance with the API-ASME Code. The con- 
trator was required to furnish welded test plates both for the 
qualification of welders and for routine tests on production weld- 
ing by the manual and automatic processes. For plates from 
3/, in. to 11/,s in., inclusive, one test plate was furnished for each 
200 ft of welded seam, and for the 1'/;-in. plates, one test plate for 
each 100 ft of welded seam. The test specimens were machined 
and tested by the contractor, under the supervision of govern- 
ment inspectors. The tests included reduced-section-tension, 
free-bend, reverse-bend, and nick-break tests, and in some cases 
also all-weld-metal tension tests. 

All shop and field fabrication and welding work was performed 
in the presence of government inspectors stationed at the plant, 
and all completed pipe sections were inspected and approved by 
the inspectors before being released for installation in the tunnels. 
The radiographic work was done by the contractor, using cel- 
lulose-acetate films of the slow-burning type, 4'/; in. wide X 17 
in. long, with an effective length of 16 in., requiring 43 exposures 
for each girth joint. The exposure time was 20 sec for the 
5/,-in. plate, and 18/, min for the 1'/,-in. plate, requiring cur- 
rents of 140 kv at 5 ma, and 175 kv at 7 ma, respectively. The 
developed films were examined by the contractor’s X-ray tech- 
nician and the government’s chief welding inspector, for defects 
such as slag inclusions, cracks, porosity, or unfused areas. De- 
fective sections of welds were traced on narrow strips of paper, 
located on the seam, and marked with yellow crayon for chipping. 
The chipped areas were rewelded, and reradiographed to prove 
the quality of the repair welding. ° 


INSTALLATION OF PENSTOCKS 


The specifications for the construction of the dam provided 
that the upstream sections of the penstocks be installed first to 
form a water stop for protection during the installation of the 
lower sections. Therefore, the upstream sections were installed 
and embedded by the dam contractor during concreting of the 
dam. Fig. 9 shows several of these with their hemispherical 
bulkheads welded in place preparatory to embedment in the 
dam. 

The pipe sections for the right or east-side powerhouse were 
transported from the fabricating plant by the construction rail- 
road, as shown in Fig. 10, to the government warehouse where 
they were unloaded onto a special 60-ton, 20-wheel trailer drawn 
by a truck in front, and on the downgrades braked by a truck in 
the rear. They were then hauled to a point on the riverbank 
where the trailer was run onto & barge, which was moved across 
the tail bay to the base of the powerhouse by a winch on the 
barge. The pipe was transferred from the barge to a tunnel 
trolley by a barge derrick, as shown in Fig. 11. In the tunnel, 
the pipe section and the trolley were pulled into place on a 6-ft 
gage track by an electric hoist placed at the downstream end of 
each tunnel. The trolley was equipped with jacks and rollers 
with which the section was aligned, centered, and set to grade 
from the bench marks previously established by government 
field parties. Before the tunnel trolley was withdrawn, the pipe 
section was placed on structural-steel supports which were hinged 
at their connections with the pipe and with base plates. The 
bases were shimmed to the proper elevation, and anchored against 
lateral movement, after which sufficient tack-welding was com- 
pleted. 

The pipe sections for the left or west-side powerhouse were 
transported by the construction railroad directly into the power- 
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Fig. 10 Rartroap Transport oF Matn-Unit Penstock SECTION 


Fie. 11. Horstine Matn-Unit Penstock Section From TRANS- 


PORT BARGE BY BARGE DERRICK 


WELDING OF ERECTION JOINTS FOR 18-FT-D1am PENSTOCKS 
In TUNNEL 


13 X-Raytinc TUNNEL WELDs tn 18-F?-D1am Penstocks 


house itself, where they were lifted off the railroad cars by an 
electric overhead traveling crane which moved them to their 
respective tunnel trolleys, at which point they were routed in the 
same manner as the sections in the east powerhouse. 

All tunnel joints were double-V butt welds, no butt straps 


being used at any seams. For the welding work on the inside of 
the pipe a portable steel scaffold as shown in Fig. 12 was used. 
With the exception of the final bead, each was cleaned and 
peened, the average peening time being 1 hr per bead around the 
circumference. 

All the tunnel welds were radiographed in a manner similar 
to the shop welds, using a portable X-ray machine mounted on 
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a rubber-tired trolley, as shown in Fig. 13. Generally speaking, 
all welding in each tunnel was completed before moving an X-ray 
machine into it. However, as the work approached completion, 
X-ray equipment and welding equipment were used in the same 
tunnel, particular care being taken to protect the workmen from 
scattered radiation. In all, 51,000 ft of welding were X-rayed, 
including the shop welds; and a total of 60,000 ft of X-ray film 
was used. There were approximately 300,000 lb of electrodes 
used. 

After the completion of welding and X-raying, the paint coat- 
ing on the outside of the pipe was repaired, the top and side 
supports were welded to the stiffeners, the piezometer piping was 
installed, and the reinforcing steel placed before the concrete 
backfill was started. After the backfill was placed, it was 
pressure-grouted from the inside of the pipe, using tapped grout 
holes for the purpose. Additional grout holes along the pen- 
stock were drilled as required. The penstocks were painted on 
the inside with two coats of coal-tar paint, applied cold, which 
completed the installation. 

The station-service penstocks were installed first, followed by 
the main-unit penstocks for the right powerhouse, and then 
the left powerhouse units were installed. Installation started 
May 22, 1939, and exactly one year later, on May 22, 1940, all in- 
stallation had been completed, six months ahead of the scheduled 
completion date. 


ORGANIZATION 


The penstocks were designed under the direction of the author. 
All penstock designs are made under the general direction of 
W. C. Beatty, mechanical engineer, and L. N. McClellan, chief 
electrical engineer. All engineering designs are under the gen- 
eral direction of J. L. Savage, chief designing engineer, and all 
engineering and construction work is under the general direction 
of S. O. Harper, chief engineer, Denver, Colo. All activities 
of the Bureau are under the general charge of John C. Page, 
commissioner, Washington, D. C. 


Discussion 


C. L. Barker.? This paper presents in an interesting manner 
the design, manufacture, and installation of the huge pipes which 
will carry the flow of the Columbia through the Grand Coulee 
Dam. 

Hydraulic model tests were made of the entrance but no tests 
were made on models of the penstocks. It might have been wise 
to make tests of the linning surface of the penstocks, and perhaps 
of the bends and the expansion joints. If the head loss through 
the penstock could have been reduced 1 ft, the power saved would 
have been 9000 hp. Tests of this type would also have been of 
value in comparing model results with the prototype. Piezome- 
ter connections were made in the penstock to measure head loss. 
This makes it possible to build a model and compare the results 
between model and prototype. Too frequently, tests of this type 
are not made. 

The radiographic method of material examination is interesting 
and important. For many years, the only tests which could be 
applied to materials were tests of strength. These were applied 
to specimens and destroyed the material. The hardness test was 
one of the first tests of material which did not destroy; the radio- 
graphic examination is the second method. Its use in industry 
has spread rapidly in the last 3 years. 

The five failures which developed in the course of the hydro- 
static tests are important. The author states that after the five 
failures had occurred, due to the hydrostatic tests, those portions 
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of film covering the failed sections were re-examined to see if the 
difficulty lay in studying the film or in the method. In every 
case the film showed no sign of crack or failure. It is rather safe 
to presume in every case that these failures, since they failed to 
show in the film, must have been hairline cracks, the plane of 
which was in line with the X-ray beam. 

Messrs. Townsend and Abbott, of the Bell Laboratories, have 
reported studies? on hairline cracks. This type of crack is com- 
mon in castings as well as in welding plates. Their report states: 
“Tt was found that the limiting cross-sectional area of a crack 
that could be distinguished in '/;-in. steel plate (the thickness 
most frequently encountered in telephone work) under the best 
radiographic conditions was 0.000035 sq in., representing a crack 
having a depth of 0.007 in. and a width of 0.005 in. Because of 
the importance of the orientation of these very fine shrinkage 
cracks, upon their detection by X-ray methods, it is sometimes 
desirable and often imperative to take two or more radiographs at 
different angles, in order that the defects presenting too small « 
difference in thickness for detection in one of them may be de- 
tected in the other, where the path of the radiation through the 
defect may have happened to coincide more nearly with its longi- 
tudinal axis.” 

This method, which by the way has been used in Germany, 
suggests the necessity for a slightly different method of radio- 
graphic examination which would eliminate the difficulty re- 
ferred to. It should be possible to build an X-ray machine, using 
two tubes so spaced that the radiation paths would cross through 
the weld or section to be examined, at an angle. The radiation 
would be received on a film, perhaps slightly wider than the pres- 
ent film, but in the same manner. This would give a stereo- 
scopic effect and make possible determination of the location of 
the defect in the weld or casting. It would also eliminate the 
possibility of failing to record the hairline cracks due to acciden- 
tal alignment with the radiation path. 


AvTHOR’s CLOSURE 


The discussion presented by Mr. Barker is of timely interest 
as it touches upon such important features as model tests as an 
aid to a more efficient design and the use of the proper X-ray 
technique as a nondestructive test of the welding procedure. 

While extensive hydraulic model experiments were necessary 
for the Boulder penstocks because of the complexity of the system, 
they were not considered of any particular value in the design of 
the Grand Coulee penstocks, as the latter consist only of straight 
runs of pipe without branch outlets or complicated fittings. The 
reducing bends at the lower ends of the penstocks were the only 
feature where head losses could be reduced by improved design. 
These bends were designed with small deflection angles producing 
a fairly smooth interior, using an R/D ratio of 5'/: which, on 
the basis of numerous bend loss experiments, is considered to be 
about the most favorable ratio, resulting in the lowest hydraulic 
loss. A model experiment for this specific installation could not 
have furnished any additional information unless it were per- 
formed at a much higher Reynolds number than that used for 
all bend experiments made to date. Considering the diversity 
of results between Thoma’s experiments at a Reynolds num- 
ber of 225,000 and Gregorig’s experiments at a Reynolds number 
of 750,000, the conclusion may be drawn that bend loss values ob- 
tained with small-scale equipment at such low Reynolds’ numbers 
are not representative of bend losses for large installations having 
Reynolds’ numbers correspondingly higher. 

The estimated friction loss through the penstock for a flow of 
4500 cfs, at the rated head of 330 ft, is only 1.1 ft. This cannot 

* “Some Applications of X Rays to Industrial Problems,” by J. R. 


Townsend and L. E. Abbott, Metal Progress, vol. 29, Feb., 1936, pp. 
64-70 and 86. 
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be reduced unless the velocity is reduced by increasing the 
diameter which, however, has been determined from an economic 
study evaluating hydraulic losses and the cost of construction. 
The head loss in the bend, according to Thoma’s experiments, is 
estimated at 0.3ft. This, added to the friction loss in the pipe, 
would bring the total hydraulic loss to 1.4 ft, which is equivalent 
to 665 hp per unit. Any economies in head which may be pos- 
sible by a different design of the bend would be so small as not to 
effect a worth-while saving. 

It is well realized that the cracks which were discovered during 
the hydrostatic-pressure tests could have been detected by a 
double X-ray exposure from two different angles. Such pro- 
cedure, however, would have greatly increased the already high 
cost of radiographic inspection on this job. In order to get the 
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full benefit of this method of inspection, it would be necessary to 
use two exposures for every foot of weld, which would nearly 
double the cost. By checking the pipe sections with an excess 
pressure test at two thirds of the yield point of the metal, any de- 
ficiencies in X-ray examination were detectable, as proved by the 
cracks discovered during the tests. It may be of interest to 
mention here that this double-exposure examination was used on 
some of the repair welds for both the Boulder and Grand Coulee 
penstocks. The method was useful in such cases to prove the 
quality of the repair welds, also to disclose the depth of the de- 
fect below the surface. This made it possible to determine 
from which side the defect should be chipped out, reducing 
thereby the amount of chipping and rewelding necessary in the 
repair work. 
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GENERAL ARRANGEMENT OF GRAND CoULEE Dam, Power PLANT, AND PuUmpine Unit 


Turbines for Grand Coulee Dam 


By JAMES J. BURNARD,' DENVER, COLO. 


The Grand Coulee power plant, when fully equipped, 
will be the largest hydroelectric power plant in existence, 
containing eighteen 150,000-hp main generating units 
and three 14,000-hp station-service units, or a total 
capacity of 2,742,000 hp. The turbines are of the vertical- 
shaft single-runner Francis type with spiral casing, sup- 
plied with water through individual plate-steel penstocks 
connecting with the upstream face of the Grand Coulee 
Dam. This paper describes in some detail the mechanical 
features of the main hydraulic turbines for this plant. 


HE Grand Coulee power plant is located at the downstream 

toe of the Grand Coulee Dam on the Columbia River, 

about 94 miles north and west of Spokane, in the State of 
Washington. It consists of two powerhouses, one at each end 
of the dam, and is designed for the ultimate installation of 
eighteen 150,000-hp main generating units and three 14,000-hp 
station-service units. 

Nine 150,000-hp turbines, driving 60-cycle main-unit gener- 
ators of 108,000 kva each, will be installed in each powerhouse 
and, in addition, space is provided in the left or west powerhouse 
for three 14,000-hp turbines, driving 60-cycle service generators 
of 12,500 kva each, and for a control bay. The initial develop- 
ment includes the completion of the left powerhouse and the in- 
stallation of three 150,000-hp main units, two 14,000-hp service 
units, and common station facilities. 

The general arrangement of the project is shown in Fig. 1. 


1 Engineer, Bureau of Reclamation, United States Department of 
the Interior. 

Contributed by the Hydraulic Division and presented at the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, of THe AmpRICAN 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Water is supplied to the turbines through a concrete and steel 
trash-rack structure at the upstream face of the dam. An indi- 
vidual 18-ft-diam welded-steel penstock with an 18-ft to 15-ft 
reducing bend at the turbine connection is provided for each 
main generating unit. A coaster gate, mounted at the upper end 
of each penstock and operated by a vertical oil-actuated hy- 
draulic hoist, controls the water to the penstock and turbine. 
Each station-service unit is supplied by an individual 6-ft-diam 
welded-steel penstock with a shutoff gate of the ring-seal design 
at the inlet to the scroll case. The inlets to all penstocks are at 
elevation 1041, and the center lines of the turbine distributors are 
at elevation 938.? 


HypRaAULIc ConDITIONS 


The Columbia Basin project, when fully developed, will re- 
claim 1,200,000 acres of land, regulate the flow of the Columbia 
River, and develop electrical energy to be used for pumping for 
irrigation and for industrial purposes. Waters of the upper Co- 
lumbia River are impounded from a drainage area of 74,100 sq 
miles into a reservoir 151 miles long, having a total capacity of 
approximately 10,000,000 acre-ft. The upper 80 ft of the res- 
ervoir, containing approximately 5,000,000 acre-ft, are avail- 
able for power production and for the regulation of the river flow 
for the improvement of navigation and benefit of future power 
developments downstream from the dam. 

The power generated from six of the proposed eighteen 150,000- 
hp units will be used during the high-water season to pump water 
into a balancing reservoir in the Grand Coulee where, by means- 
of a system of canals and laterals, it will be distributed for irriga- 
tion purposes. High-water periods occur at such times that 
secondary power will take care of pumping needs. Therefore, 
all primary and some secondary power will be available for power 


2“Penstocks for the Grand Coulee Dam,” by P. J. Bier, pub- 
lished on page 219 of this issue of the TRANSACTIONS. 
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purposes for use at the project or for transmission to other con- 
sumers. 

The flow of the Columbia River at the dam site varies from a 
minimum of 17,000 cfs toa maximum of 492,000 cfs, with an aver- 
age flow of 109,000 cfs corresponding to an annual runoff of ap- 
proximately 79,000,000 acre-ft. The elevation of the water sur- 
face in the reservoir fluctuates between elevation 1290, with 
flood storage capacity completely full, to a minimum at about 
elevation 1208. The surface of the water in the river imme- 
diately below the dam site, with a low-water flow of 17,000 cfs, 
is at about elevation 932, and with a discharge of 492,000 cfs is at 
about elevation 985. The center lines of the turbine distributors 
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are set at elevation 938, and the elevation of the water surface 
in the tailrace varies from about 47 ft above to 6 ft below this 
elevation, the average being from 5 ft to 10 ft above it, Fig. 2. 

The turbines operate under a net effective head varying from 
a minimum of 263 ft to a maximum of 355 ft; and for 90 per cent 
of the time the net effective head will be between 310 and 345 
ft, with the weighted average net head of 330 ft. 


HypraAvuLic TURBINES 


A study of reservoir operations during the critical periods of 
low runoff shows that, with the reservoir drawn down 80 ft, there 
will be sufficient flow to maintain a uniform power output of 
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20,000 kw of which 800,000 kw will be used for the generation of 
firm continuous power, and the balance for secondary power for 
pumping for irrigation and for stand-by service. Load conditions 
for this power require the installation of sufficient units to bring 
the ultimate turbine installation to 2,700,000 hp. 

The turbines selected for the Grand Coulee power plant are of 
the vertical-shaft single-runner Francis type with spiral casing. 
The three initial 150,000-hp turbines operate at a speed of 120 
rpm and, with respect to horsepower capacity, are the largest 
hydraulic prime movers in existence. As shown in Fig. 3, they are 
designed for a maximum efficiency of about 93 per cent at a power 
output of 125,000 hp under the designed head of 330 ft. A model 
of the turbine is shown in Fig. 4. This model is homologous 
with the prototype (except for being of left-hand rotation to 
suit the manufacturer’s laboratory). The homologous parts in- 
clude the runner, casing, wicket gates, and draft tube. The 
runner diameter is 18.9 in. as compared with 197 in. for the 
prototype. Tests on the model were made under heads varying 
from 25 to 50 ft. 

The arrangement and setting of the 150,000-hp turbine is shown 
in Fig. 5. A cast-steel spiral casing, cast integral with the speed 
ring, is embedded in the concrete substructure of the power- 
house, with the center line of the distributor at elevation 938. 
A plate-steel pit liner, to which the servomotors are bolted, lines 
the turbine pit and extends from the top of the casing to elevation 
951. The upper and lower covers of the turbine are bolted to the 
speed ring, and contain the stationary wearing rings and plates 
and the bearings for the wicket gates which control the water to 
the runner. The upper cover also supports the single main 
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bearing, stuffing box, and gate-shifting ring. The runner, of cast 
steel, is attached to the main shaft by means of a bolted, flanged 
connection. The draft-tube liner is bolted to the lower cover and 
extends to a point 22 ft below the center line of the turbine dis- 
tributor. 


Hyprav.ic 


The velocity of the water entering the spiral casing is 29 fps, 
or approximately 20 per cent of the spouting velocity under the 
designed head, Fig. 6. This velocity remains approximately con- 
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stant throughout the length of the casing, as the cross-sectional 
area of the casing is decreased proportionately to the increment 
of flow into the speed ring. The speed ring forming the throat 
of the spiral casing is spanned by fourteen fixed vanes, so de- 
signed as properly to direct the water to twenty-four movable 
wicket-type vanes or gates. The water, after passing through 
these wicket gates, enters the runner with a velocity of approxi- 
mately 53 per cent of the spouting velocity under the designed 
head. The runner has nineteen vanes the curved surfaces of 
which, by changing the direction of the water, convert the energy 
of the water into power and produce a final discharge velocity 
at the throat of the draft tube of approximately 29 fps. The 
discharge of water from this point to the tailrace is through a 
flattened elbow type of draft tube where the decrease in velocity 
is such as to produce a residual velocity at the end of the draft 
tube of 6.8 fps. This residual velocity represents a final rejection 
0.2 per cent of the total available energy. 

Leakage of water between the crown of the runner and the 
turbine cover plate, and around the lower shroud of the runner, 
is minimized through the use of two plate-steel wearing rings 
which act as seals, Fig. 5. Means are provided, should the unit 
be operated as a synchronous condenser with the turbine gates 
closed and the water depressed below the runner, to supply the 
runner-seal chambers with penstock water. The essential use 
of this water is to act as a cooling medium to prevent heating and 
consequent expansion and possible seizing of the runner wearing 
rings to the stationary wearing rings located in the upper and 
lower covers of the turbine. 

Hydraulic losses in the seal chambers are materially reduced 
by the elimination of all projections and pockets. A plate-steel 
baffle is provided on the upper cover just above the runner to 
direct any leakage water through the seal clearances to cored holes 
in the runner hub. 

“SIf future operation of the units as synchronous condensers is 
found desirable, provision has been made for the installation of 
float-operated air valves which will admit compressed air below 
the runner. The level of the water in the draft tube will be de- 
pressed to a point about 3 ft below the bottom of the runner, and 
thus materially decrease the power required to drive the runner. 

Provision has been made for the admission of atmospheric air 

to the turbine cover plate under conditions of small gate openings 
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to act as a draft-tube vacuum breaker and to remove water from 
the runner. This is accomplished by means of a poppet-type 
valve, automatically operated from the gate-shifting ring. An 
8-in. pipe line connects the valve with the downstream face of 
the powerhouse so as to prevent the objectionable noise from an 
air inlet inside the turbine pit. 

The penstock and scroll case are initially filled by means of a 
24-in. by-pass, located at the upstream end of the penstock. 
The entrained air is discharged through a 30-in. pipe, embedded 
in the concrete, terminating at elevation 1302 at the downstream 
face of the dam. 


MECHANICAL DESIGN 


The physical dimensions of the spiral casings for the Grand 
Coulee turbines are the largest ever attempted for cast-steel con- 
struction. In order to transport a casing of this size from the 
manufacturer’s shop to the project, it was necessary to section- 
alize it into fourteen parts with radial flanged bolted joints. The 
average section is 15 ft 6in. X 14 ft 6in. 7 ft 6 in. and weighs 
approximately 41,000 lb. The total weight of the castings for the 
14 casing sections of the turbine is 582,000 lb. The heaviest sec- 
tion weighs 59,000 lb. Most of the casing sections, the runner, 
and many other parts, will have to be shipped on special cars. 
A view of the casing assembled at the contractor’s plant is given 
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in Fig. 7. A view of one of the sections being transported is shown 
in Fig. 8. 

Owing to the large number of bolted sections, the support 
and anchorage of the casing, while filled with water under 
pressure during erection and embedding in concrete, presented 
a very interesting problem. After much study of various meth- 
ods, it was finally agreed that the support by means of screw 
jacks bearing against steps cast on the flanges of the various sec- 
tions would prove the most suitable. Turnbuckle rods, attached 
at one end to ears welded on the flanges and at the other end to 
loop bars embedded in the surrounding concrete, are prestressed 
to 12,000 psi to prevent any possible movement of the casing 
during the pouring operation. This method of support and 
anchorage is shown in Fig. 9. 

All of the essential parts of the turbines are made of cast steel 
with an allowable design stress not to exceed 10,000 psi under 
normal operating conditions. Under emergency conditions, 
stresses up to one third the yield point of the material were 
allowed. The flanges of the scroll case, however, are an exception, 
having an allowable bending stress of 15,000 psi. It was found 
that, if the bending stresses were kept below the 10,000 psi, 
required by the specifications, the flange thicknesses would be so 
great that unsound castings would probably result. 


TURBINE RUNNER 


The turbine runner is of the Francis type of cast steel made in 
one piece and is 197 in. diam. It has sufficient strength to sup- 
port its own weight plus the weight of the turbine shaft, up 
to the connection with the generator shaft, with the runner 
resting on a finished ledge in the lower cover or foundation ring. 
It is designed and constructed to withstand safely the stresses 
resulting from operation at a runaway speed of 220 rpm under 
conditions of maximum head, with the turbine gates wide open 
and with no load on the generators. 

The runner is provided with two steel wearing rings, one on the 
lower shroud and one on the crown. The wearing rings are 
shrunk on and machined on the outside diameter for a close 
running fit with stationary wearing rings in the top and bottom 
covers. Cored passages in the hub reduce the downward thrust 
of the water on the top of the runner, and the water passages are 
finished to a smooth surface to minimize friction and cavitation. 
A cast-steel runner tip with a removable cast-steel cap will allow 
inspection of the runner and shaft connection. The finished 
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runner, complete with wearing rings attached, is to be statically 
balanced in the contractor’s shop before shipment to the project. 
The runner casting being transported to the manufacturer’s shop 
is shown in Fig. 10. 


SHAFT FOR THE MAIN TURBINE 


The turbine shaft is made in two sections of forged heat-treated 
open-hearth carbon steel with coupling flanges forged integrally 
with the shaft. The material of the shaft has an ultimate strength 
of 70,000 psi and a yield point of 35,000 psi and, under normal 
operating conditions, is stressed to not more than 4700 psi. It 
is capable of operating at any speed up toa full runaway speed 
of 220 rpm without vibration or objectionable distortion. It is 44 
in. in diam at the coupling end and extends 43 ft above the center 
line of the turbine distributor, where it connects to the generator 
shaft. The flanges at the ends of the shaft form a male and female 
bolted coupling with body-bound forced-fit coupling bolts. Axial 
holes are provided in the bolts to permit the use of a cooling me- 
dium for shrinking them for assembly and disassembly. A bolt 
cover made in halves encloses the nuts on each side of the cou- 
pling. 

A 6-in-diam hole is provided throughout the length of the 
shaft for inspection purposes, with four 2-in-diam radial holes 
adjacent to the lower flange connecting with the central hole for 
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the purpose of admitting air from the cover plate to the tip of the 
runner. A renewable stainless-steel sleeve in halves is secured 
to the shaft, by means of shrink links, where it passes through the 
packing box. 


GuIDE BEARING 


The main-shaft bearing is of the babbitt, oil-lubricated type, 
45 in. diam, with a length of 411/; in., and consists of a semisteel 
shell, made in two sections, bolted to a bearing support. The 
bearing support is of cast steel in two pieces and is bolted to the 
upper cover. It will support the main bearing and act as a guide 
for the gate-operating ring. A pressure switch located in the oil 
groove in the bearing directly opposite the oil inlet will sound an 
alarm on low oil pressure, and a mercury-contact-type thermal 
relay with bulb located in the hot-oil discharge from the bearing 
oil pan will sound an alarm upon excessive temperature rise. 
A cast-steel oil deflector provided with an oil collector is secured 
to the shaft immediately below the bearing and drains the oil into 
the turbine oil sump which is formed in one side of the packing- 
box support. 

Two duplicate lubricating-oil pumps, for circulating the oil 
through the bearing, are mounted in an alcove in the pit 
liner. The main pump is driven by a 60-cycle 440-v a-c motor, 
*- and the stand-by pump is driven by a 250-v d-c motor. Normally, 
the oil will be circulated by the a-c motor pumping unit, the 
d-c motor pumping unit being arranged to start automatically 
and supply oil to the bearing upon failure of the oil pressure. 


CASING AND SPEED RING 


The casing is of spiral form, made of cast steel in fourteen sec- 
tions, and is cast integrally with the speed ring which forms a tie 
across its throat. The sections are joined together by means of 
flanged, bolted joints of ample strength and rigidity, Fig. 7. 

The speed ring containing fourteen fixed vanes is designed to 
support the weight of the superimposed parts and also to resist 
the upward thrust due to a pressure of 175 psi in the casing with 
no superimposed load. 

The casing is substantially circular in cross section to prevent 
deformation under pressure and is designed so that all internal 
parts of the turbine may be removed from above, Fig. 5. It has 
an inlet diameter of 15 ft and extends upstream to the face of a 
finished flange a distance of 20 ft from the center line of the tur- 
bine, where it connects to an expansion joint. A 24 X 36-in. 
manhole with a hinged cover is provided in the casing for access 
to the interior. 

The expansion joint made of plate steel connects the turbine 
casing to the penstock and consists of two separate pipe sections 
and an outside ring which form a packing box at the joint between 
the sections. The packing box is provided with alternate rings 
of rubber and flax packing held in place by steel glands.* 


Covers 


The top and bottom covers are each made of cast steel in two 
pieces to facilitate shipment and handling. The top cover is 
designed to support the weight of the main-shaft-bearing housing, 
the stuffing box, and the gate-shifting ring, Fig. 5. It contains 
two bronze-bushed bearings for each wicket-gate stem. Provision 
is made to carry the weight of the wicket gates and levers and 
any unbalanced hydraulic thrust by means of thrust bearings in 
the upper cover. The lower and inner faces of the top cover ad- 
jacent to the gates and runner are provided with finished surfaces 
for attaching renewable plate-steel wearing plates and rings. 

An adjustable packing box, which may be repacked without 
disturbing the main bearing, is provided where the main shaft 
passes through the top cover. The packing box is lubricated by 
means of water supplied from the penstock through a reducing 
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valve in an amount sufficient to effect lubrication without leakage 
into the turbine pit. Packing boxes are also provided where the 
wicket-gate stems pass through the top cover. 

The bottom cover is combined with the foundation ring. It is 
bolted to the spiral casing and draft-tube liner and contains the 
lower bronze-bushed bearings for the wicket-gate stems. The 
upper and inner faces of the bottom cover are provided with 
finished surfaces for attaching renewable plate-steel wearing 
plates and rings, as in the top cover. 


WEARING RINGS AND PLATES 


Each runner wearing ring is made from three carbon-steel 
bars with the ends welded together to form a ring. The ring is 
shrunk on the runner and in addition is secured by means of 
fillister-head screws with heads countersunk flush with the out- 
side diameter. The stationary wearing rings in the top and bot- 
tom covers are also of carbon steel, but in addition each wearing 
ring has two inserts, of hard brass, calked into dovetail slots in the 
ring. The hard-brass inserts were decided upon as it was desired 
that two metals of different characteristics be used in the event 
of accidental contact between the rotating and stationary rings. 
The stationary rings are machined on the outside diameter and 
sufficient stock is left on each ring seat in the top and bottom 
covers to machine to a true circle by means of a boring rig during 
assembly at the project. 


GATES AND OPERATING MECHANISM 


The turbine gates are of the balanced-wicket type of cast steel 
with stems cast integral. Each stem is provided with three 
bronze-bushed bearings, one located in the bottom cover and two 
in the upper cover, one below and one above the stuffing box. 
The stem is bored throughout its entire length to supply grease 
to the lower bearing. 

Each gate has a cast-steel lever keyed to its upper end which, 
by means of a steel link, is connected to the gate-shifting ring. 
The link is connected to the lever by a semisteel shear pin de- 
signed to be the weakest element in the gate mechanism. This 
pin is strong enough to withstand the maximum operating forces 
but will break and protect the rest of the mechanism from injury 
in the event that one or more of the gates becomes blocked. 

The gates are so designed that in case of breakage of the shear 
pin the movement of the gate is limited so as to prevent inter- 
ference with the operation of other gates or the runner. Each 
gate is also provided with a thrust collar to carry any upward 
thrust due to hydraulic pressure, and is suspended in mid-position 
between the upper and lower covers by means of a thrust washer. 

The gate-shifting ring is of cast steel in one piece, of rigid de- 
sign, and is guided by renewable bronze guide strips on the top 
cover and bearing housing. It.is connected at diametrically op- 
posite points, through adjustable forged-steel connecting rods, to 
the servomotors. 


Pir LINER 


The pit liner is of welded construction, made of !/;-in. steel 
plate, with an inside diameter of 24 ft. The bottom of the liner 
is bolted to a flange on the spiral casing and the liner extends up 
from the top of the casing to the governor gallery floor at eleva- 
tion 951. The liner is designed to withstand hydrostatic pressure 
with tail water at elevation 985 without severe distortion. It has 
rigid circular flanges for mounting the servomotors. Alcoves are 
formed in the liner for the main-bearing oil pumps and instru- 
ments. Two checkered steel-plate walkways are provided in the 
turbine pit, one outside of the gate stems and one on top of the 
bearing housing. Steps leading to the turbine pit are mounted 
on the shiftiog ring, Fig. 5. 
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SERVOMOTORS 

The turbine is provided with two vil-pressure-operated double- 
acting hydraulic cylinders or servomotors which are mounted on 
heavy circular flanges in the walls of the pit liner. They have 
semisteel cylinders and cast-steel heads and stuffing boxes. The 
servomotors have a combined capacity sufficient to exert a torque 
in the shifting ring of 2,900,000 ft-lb, with an oil pressure of 250 
psi. Under this oil pressure and with an adequate supply of oil, 
the servomotors are capable, under maximum operating-head 
conditions, of moving the turbine gates a full opening or closing 
stroke in 4 sec. The servomotors are provided with adjustable 
by-pass connections, whereby the rate of closure may be retarded 
from slightly below the speed-no-load position for maximum head 
to the fully closed position, so as to minimize pressure rises in the 
penstock. Provision is made on the piston rods for locking the 
gates positively in the opened or closed position, or for limiting 
the movement of the gates. 


Drarr TuBE 


The draft tube is formed in the concrete substructure of the 
powerhouse, the upper part being lined to a point 22 ft below the 
center line of the turbine distributor. The liner is made of */,- 
in-thick steel plate with welded joints and is heavily reinforced 
on the outside by means of suitable ribs. These ribs also provide 
means for anchoring the liner to the concrete of the powerhouse 
by the use of turnbuckle rods. Jack pads, attached to the lower 
edge of the liner, are provided for supporting it during the pour- 
ing of concrete. The top of the liner is bolted to the foundation 
ring by means of a flanged connection. Two 24 X 36-in. man- 
holes with cast-steel hinged covers, opening outward into the 
access passageways, are provided diametrically opposite each 
other to permit access to the draft tube and to the under part of 
the turbine runner. 

The liner was assembled in the shop and match-marked, then 
shipped completely knocked down for welding in the field. 

The draft tube is unwatered by gravity through valves pro- 
vided in the draft-tube dividing piers. These valves connect 
through a common unwatering header to a sump, from which the 
water is pumped by a motor-driven, deep-well type of pump to 
the tailrace. During the unwatering operation, the downstream 
end of the draft tube is closed by means of steel stop logs. 


GOVERNORS 


Governors for the 150,000-hp units are of the oil-pressure 
actuator type with motor-driven speed-responsive elements 
actuated from 3-phase permanent-magnet generators connected 
to the tops of the generator shafts. They control the gates of the 
turbines by means of the servomotors connected to the gate-shift- 
ing ring. They are adjustable to provide variable rates of actions 
for completely opening or closing the turbine gates in from 4 to 
12 sec. The speed-responsive elements are sensitive to turbine- 
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speed variations of 0.01 per cent. The speed change from no load 
to full load is adjustable from 0 to 6 per cent. 

Each governor is complete with an oil-pressure system, in- 
cluding two pressure-controlled 40-hp motor-driven pumps and a 
sump tank located within the actuator, and a pressure tank lo- 
cated adjacent to the actuator. The actuator is located at one 
end of and forms a part of the control board in the governor 
gallery at elevation 951, Fig. 11. The pressure tank is located 
just back of the actuator and connected to it by means of a 
6-in. pipe below the floor level. The system is designed to 
operate with an oil pressure ranging from 250 to 300 psi. 

The actuators are equipped with the following features which 
may be operated manually at the actuator or electrically by re- 
mote control from the control board: 

(a) A gate-limit-control device which will operate two adjust- 
able 1.5-amp 250-v d-c ungrounded limit switches. Each switch is 
independent and adjustable for circuit opening or closing over 
the range of travel of the gate-limit device. 

(b) A speed-level-controlling device. Speed controls are from 
85 per cent of rated speed at no load and zero speed droop to 
115 per cent of rated speed at rated load and maximum speed 
droop. 

(c) A device for opening and closing the turbine gates at the 
normal rate of movement. This device will be used for manual 
starting and stopping of the turbine and for automatic shutdown 
by means of automatic protective features incorporated in the 
main generator, governor equipment, or transformers. 

(d) A device for controlling the speed droop of the turbine. 
The amount of speed droop is adjustable from zero to 5 per cent. 

In addition, the following devices are furnished: 

(e) An electrically operated speed indicator mounted on the 
actuator column. This speed indicator is driven from a magneto- 
type generator on the generator shaft. In addition to indicating 
turbine speed, it will also indicate when rotation starts and stops. 

(f) Two gate-limit and gate position indicators of the dua! 
type, one mounted on the actuator and the other mounted on the 
benchboard in the main control room. These instruments indi- 
cate the position of the governor gate-limit device and the posi- 
tion of the turbine gates. 

(g) An overspeed switch, mounted on and forming a part of 
the governor-drive generator, arranged to shut down the turbine 
and sound an alarm upon overspeed. 

(hk) A combination automatic and hand-operated air valve for 
controlling the operation of the generator brakes. The air valve 
is controlled by means of a low-speed switch, located in the 
housing of the permanent-magnet generator, so adjusted that 
the brakes cannot be applied until the turbine gates are fully 
closed and the speed of the unit has been reduced to 30 rpm. 
Brake application is intermittent with the time periods adjust- 
able, for a selected number of cycles. After that, the brakes are 
applied constantly until the unit is brought to a stop. 
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(7) Manual control of the turbine gates at the actuator by 
means of oil pressure from the governor oil-pressure system. 

(j) An airplane-type flexible-steel restoring cable, operating 
over sheaves and enclosed in a metal conduit, connecting the 
governor-restoring mechanism and the turbine gate-operating 
mechanism. This eliminates lost motion between the servo- 
motor piston travel and the governor pilot valve. 

The two oil pumps in the governor system have a combined 
capacity per minute of 3 times the total oil volume of the servo- 
motors. They will supply an adequate quantity of oil to the 
servomotors so as to operate the turbine gates through a com- 
plete closing or opening stroke in 4 sec with an oil pressure of 
250 psi, and with an operating head on the turbine of 355 ft. 
They are arranged to start and stop at predetermined oil pressures 
in the pressure tank. 

The two pumps are interconnected so that they can be op- 
erated independently, or together. When operating together, the 
interconnection and automatic control is such that either pump- 
ing unit may be used for normal operation with the other unit 
serving as a stand-by unit, arranged to start automatically either 
on failure of the electric-power supply to the operating pump or 
upon the oil pressure falling below a predetermined amount. 

The pressure tank has a total volume of 20 times the volume of 
the servomotor cylinders and will supply five complete servomotor 
strokes of the turbine with a drop in pressure from 300 to 250 
psi without the operation of the pumps. Float valves are pro- 
vided in the bottom of the pressure tank to close automatically 
in case the oil level drops, so as to prevent air, from the pressure 
tank, entering the governing system. 

The oil sump tank for the governor system is located in the 
base of the actuator, thus eliminating the necessity of having 
sump tanks below the governor floor. 


AccEPTANCE TESTS 


After the turbines have been installed in the powerhouse and 
placed in satisfactory operation, they will be tested to determine 
whether or not the contractor’s guarantees of horsepower, water 
discharge, and efficiency have been fulfilled. These tests will be 
conducted in accordance with the testing code for hydraulic 
turbines recommended by The American Society of Mechanical 
Engineers. 


PumpPiInG PLANT 


Some of the power developed at the Grand Coulee Dam is to 
be used for the operation of pumps for irrigation purposes; there- 
fore, a short description of the pumping plant may be of interest. 

All irrigation water for the Columbia Basin project will be 
pumped approximately 295 ft from the reservoir behind the Grand 
Coulee Dam into a balancing reservoir formed in the Grand 
Coulee by the construction of earth dams at each end. The 
Grand Coulee Dam will raise the water from a minimum of 275 
ft to a maximum of 355 ft, and the pumps will lift it the remain- 
ing distance to the balancing reservoir. Ordinarily, pumping will 
be against a 295-ft head, i.e., from a full storage reservoir behind 
the dam to a full balancing reservoir in the Grand Coulee. 

_The pumping plant is located along the shoreline of the res- 
ervoir just upstream from the left abutment of the dam, as 
shown in Fig. 1. 

Twelve pumping units are proposed for the ultimate installa- 
tion, each unit consisting of a single-stage vertical-shaft centrifu- 
gal pump having a capacity of 1600 cfs when operating under 
a total head of 295 ft, direct-connected to a 65,000-hp syn- 
chronous motor. The motor capacity is of such size that, with a 
full reservoir, one main generating unit in the power plant will 
have sufficient capacity to operate two pumping units. 

The water is supplied to each pump through an individual 
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14-ft-diam welded plate-steel intake pipe which has a bellmouth 
inlet at elevation 1191.75 in the upstream face of the pumping- 
plant dam. The center lines of the pump casings are located at 
elevation 1203 and from this point the water is discharged 
through 12-ft-diam welded plate-steel discharge pipes about 800 
ft long into a canal leading to the balancing reservoir in the 
Grand Coulee 1.7 miles away. : 

Through a canal of approximately 15,000 cfs capacity, water 
will be carried about 10 miles from the balancing reservoir to 
other canals from which it will be distributed through numerous 
laterals for irrigation purposes. 
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Discussion 


R. V. Terry.? This paper has been written primarily frony 
the viewpoint of the designer of the power plant. Perhaps a few 
remarks on these turbines from the viewpoint of the turbine de- 
signer and manufacturer would be of interest. 

Among the first problems to be attacked was that of splitting 
up the parts, especially the cast-steel casing, so that they could 
be handled by rail shipments. The final design evolved for the 
casing provided for splitting the combined casing and speed ring 
into 14 pieces, which included two inlet rings. Longitudinal 
joints were avoided, all joints being placed at right angles with 
the flow. This reduced the loading of joints per unit length and 
facilitated manufacture. The angular spacing of the segments 
varied from 18 deg at the large'end to a maximum of 63 deg near 
the smaller end. The 14 speed-ring vanes are irregularly spaced 
to suit each casing segment. Scale models were made of the 
largest pieces, of the special available railroad cars, and of the 
composite railroad clearances, as a final check on the drawings. 
High-tensile-strength bolt material, heat-treated, was used for the 
joints to reduce flange dimensions, and the bolts were prestressed 
to 23,000 psi, as determined by micrometer measurements. 

Due to its size and weight, the casing was assembled on a spe- 
cial foundation outside the shop, similar to that used in the field 
for boring, for assembly with other parts to be embedded in con- 
crete, and for the hydrostatic test. Boring was accomplished 
with a portable mill previously employed for battleship-turret 
work. The complete assembly for the hydrostatic test weighed 


3 Hydraulic Engineer, Newport News Shipbuilding and Dry Dock 
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about 786 tons, including 375 tons of water. During the shop 
hydrostatic test of the first unit, the only one tested to date, de- 
flection readings were taken in mils at 48 points. The casing 
joints were practically droptight. Leaks were found through the 
castings in only a few places. 

A somewhat new detail of a rectangular-shaped water-sealing 
groove was employed for the round rubber cord at the joints. 
The width of the groove is slightly less than the diameter of the 
cord, creating a pinch which holds the cord in place without 
clamps while placing the adjoining part. This type of groove 
seems to be superior to the older type. A model test indicated 
that the flange could be backed off nearly '/, in. before the 
cord would blow at 230-psi test pressure. This type, incidentally, 
would be equally effective for pressure in either direction. 

The shop space available, as well as the shipping schedule, did 
not permit of making a complete shop assembly of all embedded 
and nonembedded parts at one time. However, separate assem- 
blies were made so that every part was fitted to its mating part or 
parts and thus proper fitting in the field is assured. 

The servomotors are carried by the walls of the pit liner. 
However, the pit liner is not designed to carry the servomotor re- 
actions without the help of the concrete backing. Alternate 
bolts of the servomotor flange serve as foundation bolts and ex- 
tend well back into the concrete. 

It will be noted from Fig. 5 of the paper that a considerable 
radial clearance is allowed between the speed-ring vanes and the 
wicket gates and between the gates and the runner vanes. The 
former clearance is necessary in this case due to the irregular 
spacing of the speed-ring vanes previously mentioned, there being 
14 vanes and 24 wicket gates. The latter clearance, between 
gates and runner with the gates fully open, is about 73/s in. or 3.75 
per cent of the runner diameter. Ample clearance at that point 


is, of course, required to reduce mutual interference of a hydraulic 
nature, particularly for turbines which must be operated over a 
wide range in head. 

The runners are 197 in. nominal diam, the approximate limit 
for transportation in one piece, and each runner weighs about 


125,000 lb. Such runners are given an accurate check for static 
balance by supporting them on a hardened spherical point at the 
axis, slightly above the center of gravity of the runner. 

Provision is made for the possible admission of free air at three 
different points, Fig. 5 of the paper. First, an 8-in. valve is pro- 
vided, cam-operated from the gate mechanism, to admit air at the 
lower gate openings through ports in the runner crown, just down- 
stream from the runner vanes. With an initial normal tailwater 
level 7 ft above the center line of the runner, it is not expected 
that free air can be admitted through that valve. Later when the 
tailwater level drops to its minimum value, 6 ft below the center 
line of the runner, that valve will become effective. In the mean- 
time use will be made of the 3-in. air line which terminates at the 
center of the runner cone, usually the point of lowest pressure 
when the water leaves the runner with a whirl at low- or high- 
gate openings, such as to create a vortex disturbance in the draft 
tube. The 3-in. air line takes free air from the turbine pit 
through a Maxim silencer, a check valve, and a gate valve. The 
system will be effective and take air only when required, that is, 
when a vortex exists at the tip of the runner cone. The amount 
of air may be partially controlled by throttling the gate valve. 
A third air line, 2 in. diam, is provided through the crown plate 
to the space above the runner, just outside of the intermediate 
seal, where a low pressure is expected to occur. Any of the 
three schemes of air admission may be used as the conditions of 
tailwater level or other operating conditions may dictate. Al- 
though the various conditions were studied during the running of 
the model tests, it is difficult to predetermine the exact adjust- 
ments needed for the field. 
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TABLE 1 OF DAM AND GRAND 


OULEE TURBINE 


Plant Boulder 


Rated unit, bhp. . 
Rpm 


Rated head, ft.. 

Specific speed. . 

Rated disc harge, ‘cfs... 

Inlet diameter of casing, ‘ft.. 

Number of casing sections. 

Weight of casing, lb = fle 

Maximum operating head, ft...... 

Casing test pressure, psi.......... 

Diameter of wicket-gate circle, ft. 

Nominal diameter of runner, in..... : 

Height of wicket gates, ins 

Diameter top of draft tube, ft... 

Pit diameter, f 

Diameter of shaft, in. 4 

Length of shaft from center line of turbine to 
face of generator coupling, ft.. es 

Diameter of shaft coupling, in 

Size of main bearing, in 

Servomotor capacity, ft-lb.. 

Operating ring torque, ft- Ib... 

Total turbine thrust, lb 


75 

45 X 411/ 

400000 

3180000 
590000 925000 

The complete shipping weight of one turbine is expected to be 
about 820 tons, including the draft-tube liner, the 15-ft expan- 
sion joint at the casing inlet, and the intermediate turbine shaft 
but not including the governor and governor piping. 

Table 1 of this discussion gives a comparison of the principal 
data and dimensions of the Grand Coulee and Boulder Dam tur- 
bines. 

It has given the writer unusual pleasure to be associated with 
the design and manufacture of these turbines which are of unprece- 
dented size and horsepower capacity, being over 30 per cent more 
powerful than the most powerful hydraulic turbines now in opera- 
tion. His company received most excellent cooperation from the 
engineers and inspection personnel of the Bureau of Reclamation. 


AUTHOR’s CLOSURE 


The discussion presented by Mr. Terry contains many inter- 
esting features not covered by the author and should add much 
to the value of the paper. 

He is correct in his statement that the pit liner is not designed 
to take the full servomotor reaction but is aided by foundation 
bolts extending into the surrounding concrete. 

He also properly points out that the 8-in. valve for admitting 
atmospheric air through ports in the runner crown may not be- 
come effective until the tailwater level drops to its minimum value 
and in the meantime use will be made of other available means of 
air admission. 

Table 1 of the discussion gives an interesting comparison be- 
tween the Boulder Dam and Grand Coulee turbines. The par- 
ticular Boulder Dam turbines used in this comparison, however, 
were not designed to operate solely at 60 cycles, 180 rpm. The 
specifications issued by the Bureau of Reclamation for these tur- 
bines called for units which could operate satisfactorily at either 
50 cycles, 150 rpm per minute, or 60 cycles, 180 rpm with no 
major change in the apparatus except the installation of runners 
suited to the particular speed. The author believes a better 
comparison with the Grand Coulee turbines may be obtained by 
the use of data pertaining to other Boulder Dam turbines which 
were designed for and are now operating at 60 cycles, 180 rpm. 

Using these data for the same items as given in Mr. Terry’s com- 
parison, the following values for the Boulder Dam turbines will 
obtain: 

Rated unit, ~~ 

Rpm.. 180 
Rated head, ‘ft. 480 
Specific speed 27 
Rated discharge, cfs 2, 
Inlet diameter of casing, ft 10 


Number of casing sections 5 
Weight of casing, lb 381,000 


115,000 


Coulee 
480 330 
2400 4500 
10 15 
590 355 
17 19 
« 
19 343/s 
36 44 _ 
on 
26 43 
SAS 
Ps, 
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Maximum operating head, ft 

Casing test pressure, psi. 

Diameter of wicket-gate circle, “es 

Nominal diameter of runner, in. 

Height of wicket gates, in 

Diameter top of draft tube, ft.. 

Pit diameter, ft 

Diameter of shaft, in. 

Length of shaft from center line of turbine to face of 
generator coupling, ft.. 

Diameter of coupling between turbine and intermediate 


Size of main bearing, in. 36'/2X29 
Servomotor capacity, ft-lb 
Operating ring torque, ft-lb 
Total turbine thrust, lb... 


In conclusion the author wishes to thank Mr. Terry for his 
very interesting discussion. He also wishes to express his pleas- 
ure in being associated with him and his company in the design 
of the Grand Coulee turbines. 
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Economic Draft-Tube Proportions 


By A. R. DAWSON,' TORONTO, CANADA 


The purpose of this paper is to illustrate a new method 
whereby the most efficient and also the most economical 
proportions of a draft tube for a water-turbine installation 
may be found. A study is made of the excavation and con- 
crete costs, as the ratios of draft-tube width to runner 
diameter and draft-tube depth to runner diameter in- 
crease. These costs are compared to the actual capital- 
ized value of the horsepower saved due to the increased 
efficiency, as either ratio is increased. The comparison 
is made by means of computed curves and includes the 
ordinary range of power costs, as well as a range of load 
factors from 50 to 100 per cent, at which the unit might be 
expected to operate. The paper develops a method to 
overcome the seemingly prevalent practice of many tur- 
bine manufacturers of installing a certain definite size 
and shape of draft tube with a certain size runner without 
regard to the various factors which should enter into the 
selection. 


HE tendency in the design of hydraulic-turbine draft tubes 

has been to produce draft tubes of highest possible ef- 

ficiency. This tendency on the part of manufacturers to 
improve the performance of their product is entirely understand- 
able and is appreciated by the purchasers. While manufacturers 
and users have undoubtedly given some thought to the economics 
of draft tubes, the literature dealing with this phase of the sub- 
ject is but meager. It must be recognized that draft tubes can 
be designed and built with very high efficiency if no limitations 
on cost are imposed. On the other hand, there are many in- 
stances in which the conditions existing at a given power-plant 
site make it economically impossible to use draft tubes of the 
highest efficiency. This paper suggests one method of procedure 
by which engineers may estimate how far it is feasible and eco- 
nomical to go in the design of a draft tube for a given installation. 

The method proposed herein is one which is well known to en- 
gineers and has been applied to many other problems, of which 
may be mentioned the selection of the proper diameter for hy- 
draulic-power-plant penstocks. In essence, the method adds 
together the cost of construction and the capitalized value of 
maintenance and of the power lost through inefficient operation 
and other causes and, by selecting that design which shows the 
lowest total capitalized cost, indicates the most economical de- 
sign, 

In the case of draft tubes, there is no one design which is gen- 
erally accepted by all manufacturers, nor is there one design of 
draft tube which is best for all types of hydraulic turbines. Asa 
generalization, however, it may be stated that the longer the 
draft tube, the more efficient it is likely to be. In the usual de- 
sign of power plants, in which the turbine is set with a vertical 
shaft, the draft tube may be thought of as being divided into two 
lengths: (1) The vertical section from the outlet of the turbine 
runner vertically downward to the elbow; (2) the horizontal por- 
tion of the draft tube from the elbow to the discharge end. It 


1 Senior student in Mechanical Engineering, University of Toronto. 
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is not the author’s intention to suggest that the data which 
will be used here, and which will serve to relate these two lengths 
of the draft-tube and machine efficiency are generally applicable, 
but they will serve to supply data from which an illustrative ex- 
ample can be worked out. The unit for which this study is made 
is shown in Fig. 1, which represents a proposed unit for a hydro- 
electric power plant operating under a head of 68 ft and generat- 
ing 16,000 hp at 115.4 rpm. The diameter of the Francis-type 
runner is 12 ft and the specific speed is 74.8. The top of the 
draft tube is assumed to be 12 ft in diam. 

From studies which have been made available, curves have 
been drawn to show the relationship of the turbine efficiency to 
the proportions of the draft tube. Two curves are available, the 
first, Fig. 2, showing the relation of the efficiency change to the 
ratio of the diameter of the turbine and the vertical distance 
from the bottom of the runner to the bottom of the tube, the 
latter distance being hereafter called the depth of the tube. The 
second curve, Fig. 3, shows the relations between the efficiency 
change, and the ratio of the diameter of the runner to the width of 
the draft tube at exit. For both curves, a dimensionless parame- 
ter was used and efficiency drop was chosen for plotting. It 
should be noted that the efficiency drop was used rather than ac- 
tual efficiency, i.e., this is the loss of efficiency occasioned by too 
short or too narrow a draft tube, as compared with a deep or a 
wide one. These data have been obtained from the average of 
three different analyses, due to W. J. Rheingans on Francis- 
type runners, to F. Nagler on all types of runners, and to the 
N.E.L.A. Hydraulic Power Committee tests on straight draft 
tubes. The actual data were not directly available to the author, 
but were supplied through the courtesy of Mr. Nagler. 


EFFEcT OF VARIATIONS IN DraFt-TUBE DEPTHS 


The curve Fig. 2, giving the relation between the ratio A = 
Draft-tube depth 


Runner diameter 
various sizes and shapes of turbines and draft tubes and has been 
assumed to be generally applicable to the unit being discussed. 
This curve shows that as A increases from 1 to 7, the loss in ef- 
ficiency decreases from 4.65 to 0.05 per cent, i.e., there is an in- 
crease in turbine efficiency of 4.6 per cent. Applying this result 
to a 16,000-hp turbine operating at 100 per cent load factor, shows 
that the actual power lost by varying the depth of draft tube over 
this range changes from 744 hp to 8 hp, and in Table 1 is shown 
the power loss corresponding to intermediate values of A. 


and the loss in efficiency, is based on data from 


TABLE 1 POWER LOSS CORRESPONDING TO INTERMEDIATE 
VALUES OF A¢ 


Horsepower 
Efficiency loss 100 per Revenue de- 

Ratio Depth of loss Fig. 2, cent load ficiency at 

A tube, ft per cent factor $10 per hp 

1 12 4.65 744 $7440 

2 24 2.32 371 3710 

3 36 1.28 205 2050 

4 48 0.78 125 1250 

5 60 0.50 80 800 

6 72 0.25 40 400 

7 84 0.05 8 80 

Draft-tube depth 


Runner diameter 


Based on a price of $10 per hp per annum, the revenue defi- 
ciency ranges from $7440 to $80, as is indicated in Table 1. If 
these sums are capitalized on a 5 per cent basis, they correspond 
to values ranging from $148,890 to $1600. 
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Although the efficiency increases as the draft tube is made 
deeper, it is obvious that for each installation there is a point at 
which extra cost of excavation and construction more than offsets 
the saving due to the decreased loss of horsepower. To find this 
point, an estimate of the costs of excavation and concreting must 
be made. The method of analysis will be illustrated by applying 


25 
it to the plant shown in Fig. 1, which corresponds to A = 7 


2.08. The depth of draft tube is shown as 25 ft, but the excava- 
tion should be carried lower, and it is estimated that 3 ft would be 
suitable. 

In order to arrive at the actual cost, the volume of the excava- 
tion and of concrete to be placed should be determined with care, 
by means of drawings showing quite closely the finished dimen- 
sions of the work. However, in this case the method of proce- 
dure is being described and certain assumptions have been made 
so as to enable this to be done; the author does not suggest that 
these assumptions are particularly exact. 

The horizontal length of tube is 37 ft from the center line of the 
turbine and it is estimated that the excavation would have to be 
carried 10 ft to the left, making 47 ft horizontal distance in all. 
The width of the tube is shown as 42 ft, made up of two 15-ft 
widths for the tube openings, a 5-ft division wall, and 3.5 ft of 
concrete between the tubes and the rock face. The author has 
followed the practice of certain designers in assuming that the 


Fic. 1 Proposep Unit ror Economic 
Stupy Was 
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rock must be blasted away in front of the tube, at an angle of 45 
deg to the level of the top of the tube, this clearance being nec- 
essary to facilitate removal of the rock. 

The total excavation would therefore be (47 « 42 XK 25) + 
(3 X 47 X 42) + ('/2 X 25 X 25 X 42) = 68,397 cu ft = 2533 cu 
yd. Rock excavation has been assumed to cost $4 per cu yd,? 
considering average difficulties involved, including reasonable lo- 
cation of the plant, watering costs, and the cost of labor and trans- 
portation. Further, a calculation for this case indicates that the 
concrete placed is approximately 75 per cent of the volume of rock 
excavated, and the price of concrete in place has been taken at 
$22 per cu yd,? including reinforcement, aggregates, transporta- 
tion, labor, and form work. 

For the value of A = 2.08, therefore, the cost of the tube is 
readily found, but it should be pointed out that design and engi- 
neering costs are not included. In the same way the construc- 
tion costs for ratios A from 1 to 7 have been calculated and are 
set down in Table 2. 

To compare the relative merits of the different depths of tube, 
the method of total capitalized cost is used to combine the cost of 
the tube and the revenue deficiency, because the sum of the ef- 
fects of these two factors should be a minimum for the best tube. 
In calculating the total capitalized costs the following assump- 
tions have been made: 


1 That the useful life of the tube is 20 years and that it will be 
replaced at 20-year periods to perpetuity. This time may be 
thought too short, but experience shows that, for one reason or 
another, the tubes are replaced in from 20 to 30 years. Assum- 
ing a straight-line depreciation of 5 per cent, the capitalized value 
of the annual payments to a fund to provide replacement in 20 
years would be equal to the first cost. 

2 That annual repair and maintenance are 2 per cent of the 
original cost. The capitalized value of these annual payments to 
perpetuity at 5 per cent amounts to */, = 40 per cent of the con- 
struction cost. 

3 That the capitalized value of the annual power loss, that is, 
the revenue deficiency, is 5 per cent to perpetuity, which would 
amount to 20 times the values in the last column of Table 1. 


Based on the 16,000-hp turbine, taken as an illustration, run- 
ning at 100 per cent load factor and with power selling at $10 per 
hp per year, the values shown in Table 2 are obtained. 


TABLE 2 CONSTRUCTION Me A FOR RATIOS OF A* FROM 


1 2 3 4 

Ratio A — $1000 units 

Construction cost... 24.6 49.5 79.0 112.8 151.3 194.3 221.5 

Depreciationfund.. 24.6 49.5 79.0 112.8 151.3 194.3 221.5 
Repair and main- 

tenance fund..... 9.8 19.8 31.6 45.1 60.5 77.7 88.6 
Capitalized value of 
power loss, Table 

148.8 74.2 *41.0 25.0 16.0 8.0 1.6 


208.0 193.0 231.0 296.0 379.0 474.0 533.0 


Draft-tubedepth 
Runner diameter 


5 6 7 


@RatioA = 


Now, the selling price of power in Canada falls within the 
limits of $10 to $40 per hp per year, with very few exceptions, so 


2 The values of concrete and excavation costs are averages for ex- 
isting plants of the Hydro-Electric Power Commission of Ontario, 
Canada. 

(a) Chats Falls plant on Ottawa River, Ontario, for eight 28,000- 
hp turbines under 53-ft head, concrete $15 per cu yd; excavation 
$2.50 per cu yd. 

(b) Ragged Rapids plant on Musquash River, Ontario, for two 
5000-hp turbines under 38-ft head, concrete $25 per cu yd; excava- 
tion $6 per cu yd. 

(c) Alexander plant on Nipigon River, Ontario, three 18,000-hp 
turbines under 60-ft head, concrete $24 per cu yd; excavation $4 per 
cu yd. 
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that, by repeating the calculations for various power prices, a 
whole family of curves may be obtained in the same manner. 
For illustration purposes only, the values of $10, $20, $30, and $40 
per hp per year have been dealt with in this paper. Also, since 
turbine units rarely run continuously at 100 per cent load factor, 
the entire procedure may be repeated for any desired load factor 
and, in this case, the calculations have been made for 100, 75, 
and 50 per cent load factors. 

The curves, Fig. 4, show how the capitalized values of the annual 
horsepower losses or revenue deficiencies at varying horsepower 
values and 100 per cent load factor fall as the depth of draft tube 
increases. In the same figure, the total first cost and capitalized 
value of the depreciation and maintenance funds have been plotted 
on the dotted curve, which slopes in the opposite direction to the 
others. The curves in Fig. 5 show the sum of the items men- 
tioned, giving the total capitalized costs for the four prices of 
power assumed and for 100, 75, and 50 per cent load factors. 


EFFECT OF VARIATION IN Drart-TuBE WIDTH 


This study is based on the results shown in Fig. 3, obtained 
from the same source as was used in Fig. 2, and shows the varia- 
tion of efficiency drop with draft-tube width. From this curve, 
the results shown in Table 3 are obtained in a similar way to 
Table 1. 


TABLE 3 POWER LOSS DUE TO VARIATION IN B¢ VALUES 


Efficiency Horsepower Revenue de- 
Ratio Draft-tube loss Fig. 3, lossat100per ficiency at 
B width, ft per cent cent load factor $10 per hp 
2.4 28.8 5.00 8000 
2.6 31.2 3.50 560 5600 
2.8 33.6 2.50 400 4 
3.0 36.0 1.70 272 2720 
3.2 38.4 1.12 179 1780 
3.4 40.8 0.670 107 1070 
3.6 43.2 0.350 56 560 
3.8 45.6 0.150 24 240 
4.0 48.0 0.025 4 40 


Draft-tube width 
Runner diameter 


In this phase of the calculation, the shape and dimensions of the 
sectional elevation at the top of Fig. 1 are assumed to be con- 
stant, the width of the tube alone changing. Proceeding in the 
same way as before, the rock excavation will be, for the case 
shown in plan in Fig. 1, ie., B = 2.5: —[(47 X 28) + ('/2 X 25 
X 25)] X 42 = 68,397 cu ft or 2533 cu yd. 

Using the same excavation and concrete prices as before, the 
construction cost has been arrived at and tables similar to Table 
2 made, and from these the results shown in Fig. 6 are obtained. 
Then in Fig. 7 the total capitalized costs for three load factors 
and for power at $10, $20, $30, and $40 have been plotted from 
which the most economical tube may be selected. 


CONCLUSIONS 


From the curves of Fig. 5, it is seen that the ratio A = 
1.8, corresponding to 21.6 ft depth, would be the most economi- 
cal if the unit is to be run at 100 per cent load factor most of the 
time and if the selling price of 1 hp is $10 per year. However, 
if it runs at 100 per cent load factor and the value of power is $40 
per hp per year, then it would be more economical to use a depth 
of draft tube corresponding to a ratio A of 3.2 (i.e., depth = 12 
X 3.2 = 38.4 ft). Again, the ratio of 2.5 gives the most eco- 
nomical draft tube, if the unit is to be run at 75 per cent load 
factor and the value of 1 hp is $30 per year, while for 50 per cent 
load factor, the ratio 2.5 corresponds to power at $40 per hp per 
year. 

Similarly, for this proposed unit, the ratio of draft-tube width 
to runner diameter is B = 2.5. Now, from Fig. 7, it is seen that 
the minimum points for the curves at $10 per hp per year are at 
a ratio B of 3.6, 3.4, and 3.2 for 100, 75, and 50 per cent load fac- 
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tors, respectively, giving the corresponding optimum widths of 
43.2 ft, 40.8 ft, and 38.4 ft. For values of power of $20 per hp 
per year, or greater, the curves all approach a minimum at a ratio 
of B = 4 corresponding to a width of 48 ft. Thus, any width of 
draft tube greater than 48 ft for this turbine would not give addi- 
tional efficiency or economy. Of course this is not the rule with 
any draft tube, since for other units with different horsepower 
ratings, first costs, or load factors, these curves might give definite 
minimum values such as were found previously with regard to 
the change of depth of draft tube. In this case, the most eco- 
nomic width could be fixed definitely. 

There are many factors which affect the shape of these curves, 
both for variation in depth and variation in width but, in general, 
the curves take the same form, although the minimum points 
cover quite a wide range of ratios. For example, taking the unit 
studied in this paper as a basis, these facts become evident: 


1 For an installation of greater rated power than 16,000 hp, 
the minimum points would move to the right, i.e., the more eco- 
nomic tubes would be both deeper and wider. 

2 For higher selling prices of power, the minimum points 
would move to the right. 

3 For higher interest rates than 5 per cent, the minimum 
points on the curves would move slightly to the left, but would 
not be changed greatly. 

4 For higher costs of excavation and concrete, the minimum 
points would move to the left. 

5 For lower load factors, the minimum points would move to 
the left. 

6 For higher maintenance and repair values and for a shorter 
estimated life of tube, the minimum points would move to the 
left. 


For a proposed installation, the rated horsepower is known, the 
costs of excavation and concrete can be closely approximated 
from boring tests and from the known location of the proposed 
unit or plant, and the selling price of power is usually well de- 
fined, as is also the existing rate of interest. Thus, the only fac- 
tors which have to be assumed before being able to complete the 
foregoing calculations are the expected life of the tube, which in 
most cases is the same as the expected life of the entire plant, the 
expected annual repair and maintenance costs, and the expected 
load factor at which the unit will be operated. 

It can be readily seen that these calculations and curves would 
be most valuable where (a) the limiting depth of the tube is fixed 
due to some irregularity of the rock formation from which excava- 
tion must be made for the draft tube, in which case the most 
economical width could be found; or (b) the width of the tube is 
fixed, as is more usual, due to limitations on the possible over-all 
length of the plant, in which case the most economical depth 
could be found. 
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Discussion 


F. Nacirr.* This paper is commendable, in that it presents a 
type and completeness of analysis which the writer believes has 
not previously appeared in any of our technical publications. 

The method of capitalizing efficiency losses seems to be slightly 
intricate, but Table 1 brings the results down to a basis that is 
definitely conclusive. Certainly, this method of arriving at 4 
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DAWSON—ECONOMIC DRAFT-TUBE PROPORTIONS 


conclusion as to economical proportions of draft tube seems defi- 
nitely more sound than the all too prevalent method of accepting 
blindly a proposal drawing that is usually an arbitrary picture 
based on precedent of the manufacturer. It may be admitted 
that a given draft tube, showing up well with a particular runner, 
may thereafter be especially fostered by the manufacturer and 
sold indiscriminately to the buying public. It is far from certain 
that such a tube will necessarily work well with even a different 
type of runner by the same manufacturer and even less so with a 
diverse design from another builder. 

Naturally, the significant basis of this paper is found in the 
efficiency-variation curves, Figs. 2 and 3. It seems to the writer 
that the former should be definitely asymptotic, although Fig. 3 
might not necessarily be so. Probably these curves are more open 
to criticism than anything else in the paper, as some such curves 
inherently form the basis of this kind of analysis. If the writer 
recalls correctly, the N.E.L.A. at one time sponsored or at least 
considered correlating the data from all manufacturers to arrive 
at some conclusion along this line. There seems to be no doubt 
whatsoever that there is a definite relationship between each of 
the three factors, tube height, tube length, and tube width, and 
efficiency loss. The losses must increase as the vertical height of 
a tube is decreased, all other things being equal. Whether the 
exact shape in this paper is correct or not is probably secondary 
to the rather definite method the author presents for arriving at 
economical proportions. 

It might be in order to suggest that there is probably a com- 
plicated relationship between horizontal length and vertical 
height. This indicates the possibility of dealing with totallength, 
which would be the combination of these two dimensions. The 
Ryburg-Schworstidt draft tube is a striking example of a tube 
which has a major portion of its diffusion section in its horizontal 
run. The writer doubts, however, that even such an extreme ex- 
ample detracts very definitely from the indication of the author’s 
curve, Fig. 2, as it is extremely likely that its efficiency would be 
increased if its vertical run were longer. Some studies as to the 
combination of vertical and horizontal lengths seem to be in order. 

Fig. 5 is of interest in showing graphically and rather strikingly 
the effect on draft-tube proportions that is exerted by value of 
power, and similarly illustrates the striking effect of load factor. 
This showing seems unique in indicating so concretely a defi- 
nite difference in draft-tube proportions for changes in factors 
that usually enter not at all in fixing draft-tube proportions. It 
would be of interest, but probably very disappointing, if inquiry 
were made as to how many American plants had their draft-tube 
proportions influenced by such factors. 

The author’s conclusions are rather striking in their emphasis 
on the economical elasticity of draft tubes. The reason for con- 
clusion No. 1, however, is not quite evident and further comment 
by the author on this feature would be of interest. 


ARNOLD Prav.‘ It may be said that the author’s draft-tube 
investigations start with the assumption that the top of the draft 
tube is at a fixed elevation, so that costs due to depth of excava- 
tion are dependent only upon the selection of this depth. 

The writer would point out that this top elevation, i.e., the 
setting of the turbine above the lowest tail-water level, depends 
upon and is materially affected by several factors, such as eleva- 
tion above sea level and above all on the velocity of the water 
entering the draft tube. As is well known, the latter is related to 
the specific speed of a unit. 

The selection of the type of turbine thus affects the depth costs 
materially. This is especially pronounced with the propeller- 
type turbine, having inherently very high entrance velocities of 
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water into the draft tube and, thereby, requiring at the start a 
lower elevation of the top of the draft tube to minimize cavitation. 

It seems that the use of Kaplan-type turbines for high heads 
has been somewhat overadvertised by our European competitors 
under Kaplan license. We find that an unbiased investigation as 
to economical costs of a Kaplan type and a Francis type discloses 
that, at certain heads and capacities, a Francis-type hydroelectric 
installation proves more economical as to over-all costs than a 
Kaplan type, for the following reasons: 


1 For higher and higher heads, particularly exceeding 100 ft, 
the specific speed of a Kaplan type must be moderated, so that in 
fact its higher speed does not offer a material saving of generator 
costs over that of a Francis unit. 

2 Likewise, the setting above (or better said, below) lowest 
tail-water level becomes very expensive due to excessive excava- 
tion. 

3 The relatively higher percentage of overspeed above that of 
a Francis type involves a more costly generator. 

4 The vertical thrust of the Kaplan type involves a more ex- 
pensive thrust bearing. 

5 For reasons of stability of speed, the inherent flywheel ef- 
fect of a Kaplan-type hydroelectric unit must be materially 
greater than that of a Francis type. It is thus evident that all 
these factors will lead to a dividing line where the over-all costs 
point unmistakably to the selection of one or other type unit. 


This paper as such is of value since it points out that, in the de- | 
sign of the draft tube, its costs must be weighed against the ac- 
tual gain by reason of greater output due to higher efficiency. It 
is a case parallel with other design factors. For instance, a tur- 
bine runner with 0.25 per cent improvement in efficiency but 
with a greatly shortened life, due to cavitation, may prove less 
economical than a runner moderately less efficient but involving 
no outage and subsequent repair costs. 


F. Scumipt.6 The fundamental principles of the most eco- 
nomical draft tube must be applied to each individual case. One 
set of curves based on a given draft-tube design for a low-specific- 
speed Francis runner and prevailing construction conditions may 
not apply to a high-speed propeller-type runner under the same 
field conditions. Therefore, for each hydro project, a careful 
study of the draft tube must be made to determine the most 
economical design. 


J. D. Scovitie.* The principle that turbine efficiency in- 
creases with draft-tube depth and width is generally recognized. 
There are limitations, however, which make it difficult to use this 
fact in determining the economic proportions of draft tubes. 

1 Ina great many cases the draft-tube width is fixed by the 
scroll proportions and is not subject to an analysis such as the 
author’s. The draft-tube depth is likewise controlled in some 
cases by the character of the material which must be excavated. 

2 It is possible to offset deficiency in draft-tube depth by 
variations in design. It should be remembered that the tailrace 
excavation is to be considered as well as that for the draft tube. 
Fig. 8 of this discussion shows two draft tubes having identical 
area curves but different proportions. The width of both of them 
is the same. Draft tube B shows better efficiency than A, hav- 
ing more vertical height but a steeper upward slope of the hori- 
zontal leg. This might mean enough saving due to decreased 
tailrace excavation to offset the greater depth at the elbow. De- 
ficiency in draft-tube depth can likewise be made up cheaply by 


5 Assistant Manager, Hydraulic Turbine Division, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. 
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increased horizontal length, especially if this part of the tube is 
sloped upward. 

3 Thecurve in Fig. 3 of the paper, showing increased efficiency 
with greater draft-tube width, might be correct for one manu- 
facturer but is not right for all. By the use of a splitter in the 
horizontal leg of a draft tube, it is possible to offset the loss in 
efficiency due to a narrow tube. Fig. 9 of this discussion illus- 
trates this graphically. In this case, it will be seen that the 
narrower of the two tubes shows the better efficiency. The area 
curves of these two draft tubes were identical. 

The writer feels that the rigid application of economic prin- 
ciples to draft-tube design is too complicated to be feasible. 


W. M. Wurrs.? We are indeed indebted to the author for 
having presented this paper on the importance of draft-tube de- 
sign as regards efficiency and financial return on hydroelectric 
developments. 


7 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 


APRIL, 1941 


The writer does not agree with some of the conclusions which 
may be drawn from the data presented in the paper, but it is 
valuable to have this paper on record as a medium through which 
we may all offer contributions that will lead to a clarification of 
the all-important subject of depth of excavation for draft-tube 
design. 

AvutHor’s CLOSURE 


In answer to Mr. Nagler’s query, concerning the reason for 
conclusion No. 1: ‘For an installation of greater rated power 
than 16,000, the minimum points would move to the right;” 
it probably would have been clearer to have added, “provided 
all other factors affecting the curves remained constant.” It is 
evident that, if the calculations had been made for a unit greater 
than 16,000-hp capacity, then the power loss, the revenue defi- 
ciency, and consequently, the capitalized value of the revenue 
deficiency would also be correspondingly greater. However, the 
total first cost and the capitalized value of the depreciation and 
maintenance would remain the same with the other factors re- 
maining constant. Thus, when added together, the minimum 
points of the curves would move to the right of their former posi- 
tion showing that, with increased capacity, the more economic 
draft tubes would be both wider and deeper. 

With regard to Mr. Scoville’s limitation No. 1; the cal- 
culations would be of the greatest value where one of the dimen- 
sions of the tube was fixed due to some outside factor, such as 
certain required scroll proportions. In this case, the most eco- 
nomic depth could be found as discussed in the first part of the 
paper. 

Limitation No. 2 is easily taken care of since the principles are 
flexible enough to allow the inclusion of various costs such as 
tailrace excavation which would not occur in every case. No 
doubt the actual calculations in practice would vary somewhat 
with each design but the method would remain basically the 
same. 

As for Mr. Scoville’s limitation No. 3, it must be pointed out 
that the theory put forth in this paper must be attempted only 
after the general type of draft tube has been decided upon. The 
shape of the efficiency-drop curves, as shown in Figs. 2 and 3 of 
the paper, is not changed materially over a wide range of tubes, 
varying from the straight-vertical type to the sharp-elbow type. 
However, these experimental data were obtained prior to 1927, 
at which time the use of a horizontal splitter was comparatively 
unknown on this continent. It is quite possible that a splitter 
might change the shape of these curves but this in no way de- 
tracts from the usefulness of the principles set forth in the paper. 
It is quite conceivable that another pair of average curves could 
be drawn for various shaped draft tubes containing splitter plates. 
In this case the most economic draft-tube proportions could be 
found as before, but based on,the new experimental curves. This 
is just another example of one of the many fields which remain 
to be investigated in this study of economic draft-tube design. 
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Some Performance Characteristics of 


Deep-Well Turbine Pumps 


By R. G. FOLSOM,' BERKELEY, CALIF. 


Test data are presented on a comparable basis to indi- 
cate the relative performance of a series of deep-well tur- 
bine and propeller pumps. The range of performance 
characteristics obtainable with typical semiopen and 
closed impellers is shown and the losses introduced by 
axial adjustment of impeller-bowl positions are briefly 
discussed. 


HE centrifugal pump in all its many and varied forms has 

reached its high degree of perfection principally through 

trial-and-error methods of development. Although analyti- 
eal analysis has been of value in the development of specific 
units, this process is restricted in application, due to the com- 
plicated flow conditions encountered in the centrifugal-pump 
impeller and case. The trial-and-error procedure does not insure 
the production of pumps of maximum possible efficiency but, 
from a commercial viewpoint, satisfactory results have been ob- 
tained through its application. 

Since modern centrifugal pumps attain very high efficiencies, 
further research and development work will be of the most careful 
and painstaking type in order further to increase the performance. 
These investigations will include the study of isolated phenomena 
which control the flow through various portions of the pump. 
Such investigations are being pursued in many laboratories. 
Recent publications demonstrate that, in the past, various fac- 
tors have been neglected which may have an appreciable effect 
on the measured performance of centrifugal pumps. 

Detailed studies of various pump phenomena are being made 
at the pump testing laboratory of the University of California.? 
Certain results obtained from these investigations will be pre- 
sented and briefly discussed in this paper. The work of this labo- 
ratory deals principally with vertical-shaft units, particularly 
the deep-well turbine and the propeller pump. Both of these 
types are examples of specialized centrifugal pumps, but the re- 
sults obtained from the investigations will apply equally well to 
all centrifugal pumps. Some data were obtained on normal hori- 
zontal-shaft centrifugal pumps which are under investigation in 
the laboratory on a limited scale. 


COMPARISON OF OvER-ALL PERFORMANCE 


The deep-well turbine pump has been developed to the stage 
where extremely high efficiencies are obtained for the design re- 
striction of the diameter of the hole in which the unit is to be 
placed. Although pumps of this class appear to be essentially 
the same upon superficial inspection of the types of impeller flow 
passages, areas, and other features, the laboratory experiments 
demonstrate that the performances of units from various manu- 
facturers vary over a wide range. In order to compare units of 
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different design, shape, and size, use will be made of the term 
“specific speed,”’ which is defined by the equation 


rpm vy gpm 


Iheq H 3/4 
where 


H = total head per stage developed by pump, expressed in 
feet of fluid being pumped. 


The specific speed expresses the requirements for dynamically 
similar operation of all geometrically similar centrifugal pumps. 
In practice, the term “‘specific speed” has been found to be useful 
as an indication of the type of impeller required to meet certain 
pumping conditions. The specific speed always refers to the 
point of maximum efficiency of the pump-performance charac- 
teristic. The plotting of maximum efficiency versus the specific 
speed for many pumps throughout a wide range of specific 
speeds, and drawing the maximum envelope for these points 
will give a curve which indicates the maximum efficiency obtain- 
able by a pump of a given specific speed. Such a curve was pre- 
pared by Hollander in 1937 for optimum efficiency of single-stage 
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Fig. 1 Curve ror Optimum Erricrency or SIncLE-StaGe Pumps; 
Pornts or Maximum Erriciency or Degep-WELL TURBINE Pumps 


pumps and published by Daugherty,’ and is reproduced in Fig. 1 
of this paper. This particular curve applies to single-stage pumps 
of 12-in. nominal size. Due to hydraulic leakage loss and 
mechanical friction, larger pumps would be expected to show 
higher efficiencies and smaller pumps lower efficiencies. 

The maximum efficiency of deep-well turbine units investigated 
by the pump testing laboratory is also plotted in Fig. 1. In 
order to indicate the relative size of the various units, the number 
alongside the plotted point refers to the horsepower per stage of 
the pump. It will be noted that the relative performance of com- 
mercial deep-well turbine pumps varies greatly; in fact, this 
limited series of tests indicates 15 points or more in efficiency as 


3 Hydraulics,” by R. L. Daugherty, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y., 1937. 
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the difference between the best and poorest units. This spread 
indicates that the deep-well turbine is far from being a standard- 
ized product in which the performance of units from different 
manufacturers is very similar. 

The efficiencies of deep-well turbine pumps are generally lower 
than those of normal horizontal-shaft units, as all hydraulic 
losses between pump entrance and immediately beyond the dis- 
charge elbow and mechanical losses of the drive shaft are charged 
against the pump. The laboratory tests were made on pumps 
with riser columns about 10 ft long, thus having small losses as 
compared with the usual field installation. A slight increase in 


Fig. 3 Type or SEMIOPEN IMPELLER FOR MIxED-FLow Pump 
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the efficiency percentage can be realized as the pumps are multi- 
staged to four or five stages. No consideration is given to this 
feature in this paper. 


Deep-WE.LL TuRBINE Pump LosskEs 


There are many ways of classifying centrifugal pumps but, on 
the basis of the impeller shape and design, there are three prin- 
cipal types, namely, radial-flow, mixed-flow, and axial-flow units. 
The three characteristic types are illustrated, respectively, in 
Figs. 2, 3, and 4. These different types of impellers are pro- 
duced with a variety of shapes and construction features. The 
radial- and mixed-flow impellers are used extensively in deep-well 
turbine pumps. The two types of construction usually adopted 
are the closed impeller, as illustrated by the radial-flow unit Fig. 
2, and the semiopen impeller, as illustrated by the mixed-flow 
unit, Fig. 3. The axial-flow unit Fig. 4, which is sometimes re- 
ferred to as a propeller pump, may have blades of widely varying 
shapes and areas. The principal impeller features other than 
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Fig. 5 Enerey SHEET Losses ror TypicaL Deep-WELL 
TuRBINE Pump INSTALLATION 
(Values in parentheses indicate variables controlling magnitude of losses.) 


blade shape and passages are the methods of attaching the im- 
peller to the rotating shaft, and the method of sealing the suction 
intake from portions of the pump under the approximate im- 
peller discharge pressure. The methods of attaching the im- 
peller to the shaft will not be discussed in this paper, as this is a 
purely mechanical problem and in no way affects the hydraulic 
performance of the unit so long as the relative position of im- 
peller and shaft is fixed. Sealing methods vary widely and have 
a large influence on the hydraulic performance of the pump. 

A centrifugal pump consists essentially of an impeller rotating 
in a housing with sealing glands on a rotating shaft to prevent 
external leakage into or from the pump, and with seals inside the 
pump between the high- and low-pressure areas. In general, the 
deep-well turbine pump has these features of the normal centrifu- 
gal pump but, in addition, it is located at the Jower end of a 
flow column which surrounds the drive shaft, powered at the 
surface. In order to meet these conditions, special arrangements 
of impeller and bowl flow passages, guide and thrust bearings, 
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FOLSOM—SOME PERFORMANCE CHARACTERISTICS OF DEEP-WELL TURBINE PUMPS 


must be made. The chart, Fig. 5, indicates energy flow and losses 
for a typical deep-well turbine unit. 


AxIAL ADJUSTMENT 


The relative position of the impellers with respect to the pump 
bowls will be adjusted by the shaft nut at the motor coupling. 
For gear-head or other drive, provision is made for vertical ad- 
justment of the shaft. This adjustment may be of primary im- 
portance in many types of deep-well turbines since it controls 
the leakage quantity which is a short-circuit loss in the pump, 
and is a direct loss in the performance of the unit as a whole. 

The radial clearance between the wearing ring and the bowl 
is the principal control of the leakage quantity of a normal closed 
impeller. For this type, axial adjustment of the impellers has 
little or no effect on the pump performance. Some closed im- 
pellers are made without the usual ‘“‘skirt’”’ or wearing ring, but 
include a sealing surface which depends upon axial adjustment 
to control the leakage. The semiopen impeller depends upon a 
close fit between the blades and bowl to reduce leakage to a mini- 
mum. 

In so far as possible, the results of all experiments have been 
expressed in dimensionless form. For example, the discharge rate 
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Fig. 6 CLEARANCE AND ErricteNcy OF SEmI- 
OPEN AND CLOSED IMPELLERS 


at any point of operation is expressed as a ratio of actual discharge 
at that point with the discharge corresponding to the point of 
maximum efficiency. In a similar manner, clearances of im- 
pellers (the clearance being the axial distance between the lower 
portion of the impeller and the bowl) are expressed as a ratio of 
clearance between the bottom of the impeller and bowl to width 
of impeller flow passage at the outlet. Fig. 6 shows typical re- 
sults of clearance and efficiency of semiopen and closed im- 
pellers. This graph demonstrates the relatively small change in 
performance of a normal closed impeller as compared with that of 
a semiopen impeller. Closed impellers with special seals for 
vertical-shaft adjustments have characteristics similar to all 
semiopen impellers. The work of this laboratory has shown 
that, when a normal closed impeller is adjusted with reasonable 
care to the middle of the adjustment range, the variations in 
performance for different adjustments are less than the error in 
the usual performance tests. 

Fig. 7 illustrates the typical performance curves for semiopen 
impellers with various clearance ratios. Summing up the char- 
acteristics of deep-well turbine pumps, as affected by variations 
in axial adjustment, we find (1) the head, discharge, hydraulic 
thrust, power, and efficiency of normal deep-well pumps with 
normal closed impellers are not measurably affected by axial 
clearance within the possible range of axial adjustment; (2) at 
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Fie. 7 PeRFORMANCE CuRVES FOR SEMIOPEN IMPELLERS WITH 
Various CLEARANCE Ratios 


(Figures on curves refer to clearance ratio; dotted lines represent conditions 
at maximum efficiency.) 


constant head, the efficiency, power input, hydraulic thrust, and 
discharge of deep-well pumps with semiopen impellers decrease 
with increase of axial clearance; (3) closed impellers, equipped 
with sealing devices subject to axial adjustment, exhibit per- 
formance characteristics similar to those of semiopen impellers. 

The foregoing discussion is restricted to new pumps and in no 
way considers the application of specific designs to conditions 
where wear, due to abrasive particles in the water, is of impor- 
tance. These data are presented to call attention to the fact that 
correct adjustment of some types of design is necessary to obtain 
and to maintain the highest possible efficiency. These conclu- 
sions apply equally well to horizontal-shaft or other centrifugal 
pumps having impellers similar to those described. 


CONCLUSIONS 


The performance of similar commercial deep-well turbine 
pumps varies over a considerable range. Further tests may indi- 
cate a greater range of divergence. 

A clear understanding and a careful study of losses will be 
necessary for a further improvement in performance of present 
high-efficiency units. 

Initial and maintained high efficiency of centrifugal pumps re- 
quires careful axial adjustment for certain types of impeller con- 
struction. No data are presented regarding the change in per- 
formance with wear, a factor which may be of primary impor- 
tance in some installations. 
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Discussion 


J. W. Datry.‘ It has been observed in the hydraulic ma- 
chinery laboratory of the California Institute of Technology that 
some pump designs of the horizontal-shaft, medium-specific- 
speed type show definite improvements in head and efficiency 
when subjected to increased submergence. For a few pumps, 
this improvement persists even after inlet heads of 50 ft and 
above are reached. The important conclusion from such results 
is that many pumps designed for and installed with relatively 
large submergence margins must actually operate under cavitat- 
ing conditions. Consequently, in tests made for research pur- 
poses, adequate representation of pump performance cannot be 
made without reference to the submergence. 

The author describes tests of deep-well turbine pumps and com- 
pares them on the basis of over-all performance. No information 
is given as to the method of testing, but an earlier article by the 
author® indicates that variable-submergence tests are possible. 
However, the absence of any consideration of inlet pressures here 
leads to the conclusion that the tests are made at practically con- 
stant submergence. Referring to the plotted points of the au- 
thor’s Fig. 1, it is noted that there is a lack of system to the varia- 
tion in maximum efficiency (for a particular specific-speed range). 
This allows some speculation as to existence of a behavior in deep- 
well pumps similar to that observed in the radial-flow, horizontal- 
shaft type. It would be particularly interesting to learn whether 
or not the performance of units with semiopen impellers of me- 
dium and high specific speeds would improve with increased 
pressure on the suction side. Submergence is likely to be impor- 
tant not only when operating with normal clearances, but also 
when the clearances are large. The writer recognizes that, prac- 
tically, the physical setting dictates the submergence but, as the 
author has indicated, improvement in design dictates painstak- 
ing investigation for optimum results. It is felt that a quantity 
of such information on a variety of designs should be useful to 
the designer. 


J.M.Harr.* In my opinion, this paper, concerning the results 
of tests on deep-well turbine pumps, represents the most accurate 
and unbiased report on relative performances which has yet been 
published. The general results agree very well with similar tests 
which we have made with entirely different laboratory equipment. 
There are a few comments the writer would like to make concern- 
ing the presentation of these test results: 

In Fig. 1 of the paper, the maximum efficiencies of several types 
of deep-well turbines have been plotted against specific speeds. 
An optimum-efficiency curve is shown, which, in effect, indicates 
the degree of development of the pump tested. As far as we can 
determine, the pump used for the optimum-efficiency curve was 
a 12-in. horizontal centrifugal pump. The question arises as to 
whether it is the best basis for comparison, in determining degree 
of development of relatively small deep-well turbine pumps, since 
-the radial space for conversion of velocity head is definitely re- 
stricted in the case of the latter, while the discharge from the 
impeller of the horizontal-type pump is at the plane of the im- 
peller rather than normal to it. 

The number of stages of the various units which were tested 
and plotted is not noted, but it is stated in the paper that a slight 
increase in efficiency may be realized by multistaging to 4 or 5 
stages. It has been our experience that the additional efficiency 


4 Manager, Hydraulic Machinery Laboratory, California Institute 
of Technology, Pasadena, Calif. Jun. A.S.M.E. 

“University of California Pump-Testing Laboratory,” by R. G. 
Folsom, Mechanical Engineering, vol. 60, 1938, pp. 301-305. 

* Chief Engineer, Peerless Pump Division, Food Machinery Cor- 
poration, Los Angeles, Calif. Mem. A.S.M.E. 
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by multiple staging varies with the class of pumps, that is, 
whether they are straight centrifugal or mixed flow and that, in 
the average case, pumps with 8 stages or above perform with an 
efficiency approximately 6 points higher than a single-stage pump 
of the same type. Thus, it seems that the number of stages 
tested is an important item when efficiencies are to be compared. 

In showing the clearance between the semiopen impellers and 
the bowl, a clearance ratio is used. The writer feels that it 
would also be of value if the reader were to know the absolute 
clearances involved, in which he is dealing, and as to whether 
these clearances are those only obtainable by expert operators in 
a laboratory or whether they can be easily obtained by an aver- 
age operator with field settings of the ordinary range of magnitude 
between 200 and 400 ft. The change in length due to the torque 
imposed on the shaft in combination with the hydraulic thrust, 
and the upward reaction of the water being turned as it enters 
the impeller create a change in the shaft length, complicating the 
field adjustment materially. Accordingly, the writer feels it to 
be of importance, in considering this study, to know the order of 
magnitude of the clearances involved. 

In the summary of the effects of axial adjustments on the per- 
formance, it is stated (3) ‘‘closed impellers, equipped with sealing 
devices subject to axial adjustment, exhibit performance charac- 
teristics similar to those of semiopen impellers.” It should be 
noted that this statement is not true when the closed impeller 
has both a close radial-skirt clearance and a seal at the bottom 
of the skirt with the customary axial adjustability. 


M. Mutu.’ This discussion will be made from a commercial 
standpoint, pertaining to the issues discussed in this paper, and 
their influence upon the recommendation and application of dif- 
ferent types of deep-well turbine and vertical wet-pit pumps as 
manufactured by our company. The writer’s comments are 
based on his observations and experiences with this type of pump- 
ing equipment throughout the Northwest during the last 15 
years. 

The deep-well turbine can truly be called a western product, as 
it had its inception on the Pacific Coast. For this reason its de- 
velopment can easily be studied from many of the older installa- 
tions, to determine the result of the various ideas on design and 
construction. It is true that many design and development 
methods have been employed to obtain the highly efficient deep- 
well turbine and other vertical modifications offered on the market 
today. As stated by the author, ‘‘the trial-and-error procedure 
does not insure the production of pumps of maximum possible 
efficiency,” and it may be years before these actual results are 
accomplished from a truly commercial standpoint. Accuracy 
and long life in pumping equipment are achieved, particularly by 
eliminating so-called special features, using only conservative 
and time-proved designs. 

It is not possible today, with modern manufacturing methods, 
to develop new designs under the regular schedule of production, 
because standard current modifications ere used in order to speed 
up production and fill orders on definite delivery schedules. De- 
velopment work is done on certain-size pumps which are found 
to be lacking in performance with competitive units of the same 
characteristics. Competitive bidding on the larger government 
and municipal specifications is responsible for keeping definite 
records of performance on the various sizes offered. Many of 
the individual points of design are constantly under investigation 
and upon the results are based new development programs from 
year to year. This development schedule is studied and a definite 
program laid out for each year, in order to keep abreast of compe- 
tition. 
Today it is possible to offer vertical close-coupled wet-pit-type 
7 Sales Engineer, Fairbanks, Morse & Company, Seattle, Wash. 
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pumps for application in the high-head field, with over-all effi- 
ciencies exceeding those of horizontal split-case-type centrifugal 
pumps within their range. This is even more evident where it is 
necessary to use multistage horizontal units. Fewer hydraulic 
losses are experienced in the completed installation using the ver- 
tical deep-well turbine pump, as compared with the use of hori- 
zontal multistage or series-connected pumps with all of the ap- 
purtenance piping. 

The term “specific speed,’’ which is applied in a nontechnical 
manner in the commercial field, is a watchword in the selection of 
pumps which will give satisfactory performance for the operating 
conditions specified. Propeller, axial-flow, mixed-flow and deep- 
well turbine pumps, as well as all other centrifugal pumps, have 
a specific-speed range in which they are designed to operate with 
quiet smooth performance and without cavitation, and at a mini- 
mum of submergence. It is always desirable to select pumps, 
particularly in the low-head field, which come well within their 
specific-speed range. However, there are times, in the applica- 
tion of such pumps, when it is necessary to sacrifice the most 
efficient pump, which is within the correct limits of specific speed 
for that one modification, because of the high first cost of the 
equipment. This is found to be true on extremely low-head jobs, 
where the best performance will often be found at extremely low 
revolutions, thus causing high cost of the electric motor. 
(Specific speed must not be confused with pump rpm.) 

The author has expressed in an enlightening and graphic man- 
ner, the losses to be accounted for in the deep-well turbine pump. 
The Hydraulic Institute has also made these points very clear, 
and through this source standardization along this line has been 
effected to a large degree. 

The observations, outlined in the paper, on the subject of 
“axial adjustment,”’ are important, as they pertain to actual re- 
sults from operation of deep-well turbine pumps. It has been 
found, with this type of pumping equipment, that enclosed im- 
pellers with a long “‘skirt’”’ and arranged for a vertical adjustment 
of ample proportions, will give better efficiency in the hands of 
the average operator, than will other types of semiopen impellers. 

The conclusion, offered in this connection, is not only in accord- 
ance with those found in the field, but substantiates the funda- 
mental reason for this type of design. Where highly efficient 
well-built deep-well turbines are selected for applications requir- 
ing continuous service, the enclosed-type impeller should be 
specified. The construction throughout the bowl assembly 
should be of a high order of precision, with bronze bearings and 
renewable wearing rings both in the bowl casting and in the im- 
peller skirt. 

For deep-well turbines, which are required to change capacity 
throughout a small range, as is often specified in cases where the 
capacity of a well may be less at one season of the year than at 
another, the semiopen impeller is desirable. With this adjust- 
ment, the vane of the impeller is lifted from the seat in the bowl, 
thus allowing a greater clearance as described by the author. 
However, this effect to reduce the capacity is always a costly one 
as it decreased the efficiency of the pump. 

The vertical deep-well pump, employing good standard forms 
of design which have been proved in service for the last decade, 
has now been developed to a point where it can compete in effi- 
ciency and cost with the horizontal centrifugal pump. It has 
found a very definite application for certain types of pumping 
requirements. The deep-well turbine should be carefully ap- 
plied. When a pumping problem is under consideration, a 
definite analysis should be made to aid in arriving at an unbiased 
choice between the horizontal centrifugal pump and the vertical 
deep-well turbine. Many manufacturers of only one type of 
pumping equipment will almost invariably recommend and try 
to sell their products regardless of the correct application in- 
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volved, which practice should be carefully guarded against by all 
engineers, 


AuTHorR’s CLOSURE 


The problem of the correct magnitude of submergence to ob- 
tain satisfactory centrifugal-pump performance is always present 
but becomes particularly troublesome for large-specific-speed 
units. Mr. Daily has called attention to this important variable, 
the discussion of which was omitted from the paper. Of equal 
importance are the fluid velocities, in magnitude and direction, 
at the impeller inlet. For the tests reported at the large specific 
speeds, values larger than 5000, the submergence varied from 
about 3 to 4 ft, and the other units had submergences from about 
5 to 12 ft. All tests were conducted with the pump installed 
approximately in the middle of the laboratory 8 X 8-ft test pit. 

Submergence has much less influence on multistage pumps than 
single-stage units as the first stage is the only one of the multi- 
stage construction that is affected to an appreciable extent by 
the pressures and velocities at inlet. Thus with the normal 
multistage deep-well turbine pump, the small change in per- 
formance at increases in inlet head becomes insignificant. With 
single-stage large-specific-speed units, the submergence is one of 
the limiting factors restricting application. On the basis of un- 
reported tests, increases in efficiency of less than one per cent 
would be expected for these units with relatively large increases 
in inlet heads. 

Results have not indicated appreciably different behavior with 
respect to inlet heads for semiopen impellers with different 
clearances. All semiopen impeller pumps tested were multi- 
stage and thus the phenomena would not be apparent, as it oc- 
curs in the first stage only. 

Mr. Hait is correct in his conclusion that the optimum effi- 
ciency applies to 12-in. horizontal pumps. This curve was 
selected to indicate degree of perfection as it has been previously 
published, and sufficient data have not been made available to 
the author by deep-well turbine manufacturers to allow him to 
develop a generalized curve representing all companies. Some 
such curve should be used when making a comparison as the ex- 
pected maximum efficiency of any type of centrifugal pump varies 
with the size and specific speed. 

Mr. Hait indicates increases in efficiency through multistaging 
somewhat in excess of usual values and that appreciable in- 
creases occur for a larger number of stages. This increase in 
efficiency is a function of the pump design, size, and relative dis- 
tribution of losses. Thus, if bowls only are considered, a differ- 
ent value of efficiency increase will exist than if the complete 
pump with riser column discharge elbow and suction piece are 
included. The number of stages for the units tested are the 
following: 


Specific Specific 
speed Stages speed Stages 
760 6 2600 5 
780 6 2600 4 
1900 2 2800 2 
2300 1 4100 10 
2400 2 6900 1 
2500 2 7200 1 
2500 7 7400 1 
9500 1 
12700 1 


Axial adjustment of deep-well turbine pumps is considered in 
some detail in a recent publication.® 
One series of tests with an impeller having radial-skirt clear- 


8“The Axial Adjustment of Deep-Well Turbine Pumps,” by 
Morrough P. O’Brien and Richard G. Folsom, University of Cali- 
fornia Press, Publications in Engineering, vol. 4, no. 2, 1940, pp. 19-26. 
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ance and axial adjustability showed performance changes with 
axial adjustment similar to the semiopen impeller characteristics 
except that the magnitude of the performance change was much 


reduced. 
Mr. Mull’s remarks from the field standpoint are gladly re- 
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ceived, although the author would like to point out that some of 
the conclusions are open to considerable argument. It is almost 
impossible to specify any one type of construction as a standard 
because of the wide variety of conditions to which these pumps 


are applied. 
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Centrifugal-Pump Performance as 
Affected by Design Features 


By R. T. KNAPP,' PASADENA, CALIF. 


This paper presents some of the results of a study of 
Grand Coulee pumping-plant characteristics. The re- 
search program was conducted for the Bureau of Reclama- 
tion by the California Institute of Technology in its 
hydraulic machinery laboratory (1)? and has been in 
progress since January, 1938. While the principal ob- 
ject was to determine the operating features for pumping 
units to be installed at the Grand Coulee project, the 
results obtained are somewhat more generally appli- 
cable than might be expected. It is believed by the author 
that investigations of a somewhat similar nature offer 
the most reliable means for securing the characteristics 
desired in hydraulic units, both pump and turbine, for 
practically any given set of conditions. 


NEED FOR INFORMATION 


HE need for a thorough study of the Grand Coulee pumping 

plant arises basically from the tremendous size of the units 

proposed, i.e., 1600 cfs capacity with a motor of approxi- 
mately 65,000 hp for each pump. Full knowledge of the pump 
characteristics is required, due to the great range of operating 
head, from 295 to 367 ft, which is caused by the variation of the 
inlet head, from + 80 ft to + 5 ft. Also, the probable operating 
cycle makes it desirable to have as high a capacity as possible 
when operating against the high head. In addition to the matter 
of the proper relationship between the capacity and head over 
the operating range, the following items were considered to be im- 
portant for satisfactory pump operation: 


(a) Freedom from cavitation over the entire operating range 

(b) Low radial forces due to hydraulic unbalance. 

(c) Freedom from unstable regions within the operating range. 

(d) Constant-speed operation. 

(e) Satisfactory transient performance which will permit 
simple shutdown procedure. 

(f) Suitable characteristics when operating as a turbine to 
provide the possibility of utilizing units for peak-load power de- 
velopment. 


Furthermore, to obtain the lowest-cost unit, including the 
motor, it was necessary to determine the maximum permissible 
operating speed for which units could be obtained that could also 
satisfy the foregoing requirements. 


MopEL AND ProtroryPE Pumps 


The pumps contemplated for installation at Grand Coulee are 
unprecedented in size and power requirement. They are to be in- 
stalled vertically and will be of the single-stage single-suction 
type. Each unit is expected to have a capacity of about 1600 


1 Associate Professor of Hydraulic Engineering, California Insti- 
tute of Technology. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of Tome AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
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cfs. The normal head against which it is to deliver is about 
295 ft. Approximately 65,000 hp will be required. It is esti- 
mated that the pump for this duty will have a discharge nozzle of 
8 to 10 ft diam, an impeller of from 12 to 17 ft diam, with an eye 
dimension of from 6 to 10 ft. The width of the impeller at dis- 
charge will be in the neighborhood of 20 to 36 in. The speed 
range is from 150 to 200 rpm or possibly slightly higher. 

Although the present study is not a ‘‘model” study, but rather 
an investigation of the possible characteristics of the machines, 
the units tested in the laboratory may be thought of as models in 
order to visualize a size comparison. On this basis the model 
ratio would range from 12'/; to 15. The studies were all made at 
or near the full prototype head. The capacities varied from 7 to 
10 cfs at the operating point. The horsepower requirements fell 
within the range of 290 to 400. All of the units had maximum 
efficiencies in the vicinity of 90 per cent. The discharge-nozzle 
diameters were 8 in. The impellers varied from 12!/, to 14"/, in. 
diam, with eyes of from 6 to 8 in. and with discharge widths of 
from 1!/, to 2'/2 in. Testing speeds fell between 2100 and 2600 
rpm. 

It will thus be realized that these test pumps are comparatively 
large machines, therefore, accurate passages and vane angles may 
be expected. Furthermore, the large size and high efficiency of 
these units permit drawing direct conclusions concerning the per- 
formance of prototypes. To reduce the number of variables, 
several cases were designed to operate with the same impeller, 
thus making it possible to ascertain clearly the characteristic-per- 
formance differences between such case types as single-volute, 
double-volute, and fixed-vane-diffusor constructions. 


PRESENTATION OF DaTa 


In order to make the results from the different units directly 
comparable, the characteristic curves have been plotted on a 
percentage basis. The normal operating head at Grand Coulee 
is 295 ft. This has been taken as 100 per cent. The capacity at 
this head is therefore designated as 100 per cent. The maximum 
efficiency of each unit has been used as the reference value for 
that unit, and has been plotted as 100 per cent. It should be 
noted that the maximum-efficiency point will not coincide neces- 
sarily with the 100 per cent capacity and head point. When- 
ever plotted, torques and horsepowers have had, as a 100 per 
cent reference, the corresponding values at 100 per cent capacity 
and head. For example, since the prototype-head range is from 
295 to 367 ft, this system gives an operating-head range of from 
100 to 125 per cent. 


COMPARISON OF NORMAL OPERATING CHARACTERISTICS 


Capacity-Head and Efficiency Characteristics. During the 
course of this program, several series of experiments were made 
in which a single impeller was tested in two or three different 
cases. In order to establish a basis for the discussion of the re- 
sults, a brief résumé of the respective functions of the impeller and 
the case of a centrifugal pump seems desirable. 

The impeller adds energy to the fluid flowing through it. At the 
discharge from the impeller, this added energy is in two forms: 
(a) an increase in pressure, and (b) an increase in velocity. 
The case has two functions: (a) to collect the fluid as it discharges 
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around the impeller periphery, and (b) to transform a large part 
of the velocity into pressure with as little loss of energy as pos- 
sible. 

If an impeller could be tested alone under such conditions that, 
for all rates of flow, the discharge would be uniform around the 
periphery, its basic operating characteristics would be deter- 
mined. A perfect case would be one which would have no losses 
over the entire operating range; therefore the combination of 
the impeller, operating in such a case, would have the identical 
performance characteristics which were obtained from the im- 
peller operating alone. Since no real case is without losses and, 
furthermore, since no real case is equally efficient over the entire 
operating range, the performance of the unit as a whole is always 
lower than that of the impeller alone. The deviation will be least 
in the zone in which the case characteristics match the impeller 


COMPAR SON OF G EFFECT 
CHARACTERISTICS 
100%) NORMAL SPEED 


SINGLE. VOLUTE, DOUBLE VOLUTE, ~~ 
| FIXED-VANE DIFFUSOR PUMP 


Fre. 1 Comparison or CasinG Errect on Pump CHARACTERISTICS; 
Group A, 100 Per Cent NormMat SPEED 


characteristics to best advantage, and will increase on both 
sides of this zone. For a good pump, the case must match the 
impeller within the high-efficiency zone of the latter. 

The case will affect the over-all performance of the pump in 
two ways: (a) through energy losses in the case itself, and (b) in 
additional energy losses induced in the impeller. Fundamentally, 
the case can affect the impeller performance only in one way, i.e., 
by varying the pressure distribution around the periphery of the 
impeller and thus producing nonuniform discharge. If the dis- 
charge is not uniform from all parts of the impeller periphery, it 
follows that there must be pulsating flow in the impeller passages, 
nonuniform entrance conditions at the eye, and presumably in- 
creased losses, both in the impeller and in the case. In this simpli- 
fied picture, the secondary effects of the impeller shrouds, the 
circulation existing between them, and the casing walls and leak- 
age losses to the suction sides are disregarded. 

From this discussion, it will be realized that a comparison of the 
characteristics of different units, made up of various types of 
cases operating with the same impeller, resolves itself into a com- 
parison of the relative matching of these cases to the impeller and 
of casing losses, both intrinsic and induced in the impeller. Fig. 1 
shows such a comparison for a series of units designated as group 
A. The first unit was designed as a single-volute pump to operate 
at a prototype speed of 150 rpm. The double-volute case was 
then constructed, using the same design methods. It was antici- 
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pated that, if everything worked out satisfactorily, the per- 
formance of the double-volute pump would be the same as that 
of the single-volute unit. The fixed-vane-diffusor case was de- 
signed around the same impeller. 

If the curves for the single- and double-volute cases are com- 
pared, a striking difference is observed in the high-capacity re- 
gion. The head curve for the double-volute case does not fall 
off as rapidly as that for the single-volute pump, and the ef- 
ficiency also remains higher. The same is true to a lesser extent 
in the low-capacity region. However, the maximum efficiency is 
about the same. Since these maximum efficiencies are high, both 
cases are very satisfactory in the region of the design point, but 
the double-volute case apparently matches the impeller charac- 
teristics better in the low- and high-capacity regions. It must be 
remembered that, because of the two passages, the double-volute 
case has a lower effective hydraulic radius and, therefore, a higher 
skin-friction loss. For this reason, the wide region of high 
efficiency is all the more surprising. 

The fixed-vane-diffusor case, operating with the same im- 
peller, shows the same high maximum efficiency observed in the 
other two cases. However, the characteristic curves are quite 
different in shape. The maximum-efficiency point comes at a 
somewhat higher capacity for the diffusor case, and this maxi- 
mum efficiency is not sustained over as wide a region. This is 
reflected in the head-capacity curve. It will be noticed on both 
sides of the design point that the diffusor-case head curve lies 
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under that of the double-volute curve. In the low-capacity re- 
gion, i.e., from zero up to 75 per cent, the efficiency of the diffusor 
is markedly lower than that of the other two cases. This is prob- 
ably the result of the discrepancy between the angle of the fixed 
guide vanes and that of the flow leaving the impeller under these 
conditions. 

Fig. 2 shows the same comparison for an entirely different set 
of cases, working with another impeller. This series of units, 
group B, was designed for a prototype speed of 180 rpm in com- 
parison with the 150-rpm speed of group A. Since the head and 
capacity are fixed, this 20 per cent increase in operating speed 
results in a 20 per cent increase in the specific speed as well, 
which corresponds approximately to a 16 per cent decrease in 
the diameters of the impeller and the base circle of the case. 
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The relative performances of the single- and double-volute cases 
are practically the same as those observed for group A, except 
that the single-volute pump shows its peak efficiency between 80 
and 90 per cent of design discharge. This indicates that the case 
is too small for the specified conditions. The result is that, at 
the normal operating point, the efficiency is only about 97 per 
cent of the maximum. This accounts for the fact that its head- 
capacity curve is apparently above those for the double-volute 


~ 
\ waa 


\ 
secto 


EFFECTS OF OPERATING BPEEDS 
h 
CHARACTERISTICS \ 


SINGLE VOLUTE PUMP 
GRouP A + 


| 
| 


ONCHARGE % 


Fie. 3. Errects or OPERATING SPEEDS ON CHARACTERISTICS; 
SInGLE-VoLuTE Pump 


| | | 
| | | | | | 
| | | 
yi | | 
| } | | | | 
0 } = 
| | 
DISCHARGE % 


Fie. 4 Errecrs or OPERATING SPEEDS ON CHARACTERISTICS; 
Pump 


type and fixed-vane-diffusor case, i.e., the steepness is obtained 
by sacrificing efficiency. The double-volute case again shows 
a surprisingly wide range of high-efficiency operation but, in 
this series, the diffusor case nearly duplicates its performance. 
However, the sharp drop in efficiency for the low-capacity region 
is again observed to be a diffusor-case characteristic. 

Choice of Operating Speed. A given pump is designed to op- 


erate at a definite specific speed. In general, test results show 
that the unit has its maximum efficiency at this condition. How- 
ever, if the performance characteristics show a reasonably broad 
zone of high efficiency, it may be possible to secure a better agree- 
ment between the pump characteristics and the field requirements 
if a different operating speed is chosen. The effect of the choice 
of operating speed may be observed in Figs. 3, 4, and 5. Fig. 
3 shows the performance of the single-volute unit of group A 
operating at speeds of 100, 120, and 133 per cent of the design 
value. Fig. 4 presents the corresponding performance of the 
double-volute case, and Fig. 5 that of the fixed-vane pump. 

All three units show the same trend, i.e., a marked steepening 
of the head-capacity characteristics with increase in operating 
speed. A closer examination of the three sets of curves shows 
that there are apparently two causes for this increase in steep- 
ness, (a) an increase due to the normal increase in the steepness 
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of the impeller characteristic, as the capacity is increased, and 
(b) an increase in steepness due to a decrease in the efficiency of 
the case. Fig. 4 illustrates the effect of the former. It will be 
noted that, in the region of from 80 to 100 per cent discharge, 
the efficiency is high for all speeds, in fact, the lowest value is 
96.5 per cent of the maximum. Thus, the change in steepness 
for this machine must be due largely to the shape of the im- 
peller characteristics. The fixed-vane pump, Fig. 5, shows a 
jiarger variation in steepness, but the efficiency drops to 92 per 
cent in the same capacity range. Likewise, the single-volute 
pump, Fig. 3, shows an even greater variation in steepness, 
but the efficiency goes down to about 87 per cent of the maxi- 
mum, 

The difference between these three cases, when operated at 
the higher speed, is shown very clearly in Fig. 6. Here, the per- 
formance characteristics for the same three units, presented in 
Fig. 1, are plotted for a speed of 133 per cent of normal. At the 
design speed of Fig. 1, the head-capacity characteristic of each 
of the three cases shows about the same slope in the vicinity of 
the operating point. At the 33 per cent overspeed, however, the 
difference in steepness is quite marked. 

From these comparisons, it would seem that, in view of the 
factors so far considered, the steepness of the head-capacity char- 
acteristics can be varied appreciably by choosing the speed at 
which the pump is to operate. If the choice is limited to speeds 
within the high-efficiency range, slight loss accompanies the 
variation. The double-volute case offers the widest possibilities 
within these limits because of its broad zone of high-efficiency 
performance. If steeper characteristics than those corresponding 
to the basic impeller performance are desired, they can be ob- 
tained only through sacrifice of efficiency. It should be remem- 
bered, however, that in this investigation no attempt has been 
made to explore fully the possibility of varying the impeller char- 
acteristics themselves. 


Minor OPERATING FEATURES 


Hydraulic Balance and Radial Thrust. In the section, ““Com- 
parison of Normal Operating Characteristics,” it was stated that 
the case can affect the impeller performance only by varying the 
pressure distribution around the periphery of the impeller and 
thus producing nonuniform discharge. Since this is an important 
feature for pump operation, it was thought desirable to make 
some experimental determinations of the pressure variation in 
the volute for the different types of cases. Consequently, pie- 
zometer connections were installed in the various cases—they were 
at constant radius. The piezometers for each case were spaced 
around a circle the diameter of which was slightly greater than 
the impeller and they covered the full 360 deg. Thus, the read- 
ings from them give a good picture of the pressure distribution 
around the impeller discharge. 

Figs. 7, 8, and 9 show these measurements for the three cases 
of group B. The ordinates of all three curves are the static 
pressure at the piezometer connections, expressed in a percentage 
of the normal head produced by the pump. If the measurements 
for the single-volute pump, Fig. 7, are studied, it will be seen that 
the pressure distribution is reasonably uniform in the vicinity of 
the normal capacity; in fact, the most uniform distributions of 
those shown seem to be for the 93 per cent capacity. A glance 
at Fig. 1, shows that this is about the point of maximum ef- 
ficiency. For higher and lower capacities, the pressure distribu- 
tion is far from uniform and must affect the impeller discharge 
appreciably. 

Fig. 8 shows that, for the double-volute pump, conditions are 
quite similar except that, of course, there are two pressure cycles 
in the 360 deg of the case. It will be noted here, however, that the 
range of pressure variation is considerably lower than in the cor- 
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responding single-volute case, although the basie design factors 
are similar. 

Fig. 9 shows that the fixed-vane-diffusor pump has an even 
lower range of pressure variation. It should be remembered that 
these pressures are taken at a diameter corresponding to that of 
the impeller, i.e., at the inner side of the guide vanes. It will be 
seen that the pressure distribution is still nonsymmetrical. This 
is presumably due to the effect of the single volute on the out- 
side of the guide vanes proper. 
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Although this pressure variation must have a very marked 
effect upon the hydraulic performance of the unit, from an op- 
erating point of view, there is an even more direct result. A non- 
uniform pressure distribution such as, for example, the one 
shown in Fig. 7, for 114 per cent Q,, indicates that there is a re- 
sultant radial thrust upon the impeller. This foree must be 
taken care of in the mechanical design of bearings, case, and shaft, 
and may well be the controlling factor in the choice of shaft di- 
ameter and other important details. Failure to recognize this 
factor may result in mechanical contact of the wearing-ring 
surfaces and rapid deterioration of the equipment. 

If the pressure-distribution diagrams for the double-volute 
pump, shown in Fig. 8, are integrated over the 360 deg, it will be 
found that the resultant radial force is small, since the effect of 
each of the two volutes nearly cancels the other. This is appar- 
ently true for all capacities and represents a distinct advantage 
of this type of construction. The resultant radial thrust upon the 
impeller of the diffusor pump, Fig. 9, is much lower than for the 
single-volute, but is somewhat higher than that of the double- 
volute. However, it should present no serious design problem, 
since it is not large. 

It should be noted again that the radial unbalance of the 
fixed-vane-diffusor pump is due to the same cause that produced 
it in the single-volute pumps, i.e., the presence of the single 
volute itself. The main reason that the variation in pressure 
distribution and the resultant thrust are so much lower with the 
diffusor pump is that the flow is discharged into the volute at a 
much lower velocity than it is in the case of a single volute. If 
a fixed-vane case were designed, in which the vanes were used only 
as stay bolts and not as diffusors, high resultant radial forces 
should be expected. The importance of the investigation of these 
radial forces is illustrated by the fact that, for a good single- 
volute prototype, the unbalanced thrust is of the order of 50 tons. 
This would make illusory the feature of bearing-load elimination, 
commonly attributed to the vertical design. 

Instability. Figs. 1 and 2 show that there are discontinuities 
in the head-capacity curves for all six cases. Such discontinuities 
appear to be characteristic of centrifugal-pump performance and 
are practically always found whenever tests of sufficient accuracy 
and detail are made. These discontinuities apparently are the 
result of a change in the flow from one regimen to another. For 
different design conditions, it seems that this change in flow can 
be localized either in the impeller or in the case. In addition, if 
the change is large enough in the impeller, it may also produce 
a significant change in the flow in the case. These flow discon- 
tinuities produce unstable ranges in the pump performance and, 
therefore, good practice indicates that the operating zone should 
not approach them too closely. For example, in the present 
study, one criterion tentatively proposed is that the maximum 
operating head should be at least 10 ft (3.5 per cent) below the 
break in the curve, as it is approached from the high-capacity 
side. This appears to be a quite satisfactory margin of safety 
for units having a reasonably small change in head at the dis- 
continuity point, but may be somewhat inadequate for pumps 
having discontinuities as large as that shown by the fixed-vane 
diffusor of group A. For such pumps, it would seem advisable to 
restrict the maximum operating head to 1 or 2 per cent lower 
than the lowest value at the discontinuity region. 

It is interesting to consider that significant information can be 
obtained by comparing the discontinuity regions, as shown by 
the capacity-head curves, with the torque or horsepower curves 
for the same conditions. If the flow regimen changes within the 
impeller passages, there will be a corresponding difference in the 
amount of angular momentum imparted to the fluid and this, 
in turn, will be apparent on the torque and horsepower curves. 
Thus, it may be concluded that, if a discontinuity in the head- 
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capacity curve is reflected in the torque curve, the change in 
flow at least originates in the impeller. Conversely, if a discon- 
tinuity in the head-capacity curve is not accompanied by a simi- 
lar break in the torque or horsepower curves, the change in the 
flow probably is localized in the casing. Unfortunately, space 
does not permit the plotting of the torque curves in Figs. 1 to 6, 
inclusive. 


Cavitation Limits 


Basic Limit of Eye Design. For each given design of an im- 
peller eye, there is a relationship between capacity and inlet 
head which defines the beginning of cavitation. This basic 
limit, of course, assumes that, for all capacities, the flow has a 
normal velocity profile at the pump inlet; that the flow into the 
eye is cireumferentially uniform; and that there are no tangen- 
tial-velocity components present before the eye is entered. The 
difference between the basic characteristics of various eye designs 
for the same specific speeds will depend upon the abilities of the 
designers to keep their static pressures up and to eliminate local 
high-velocity regions in the vicinity of the passage entrances. 
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For a given impeller, however, this basic eye characteristic can be 
considered as the ideal limit for good performance. In actual 
operation, it can be modified either by the entrance conditions 
in the inlet piping approaching the pump, or by the reaction of the 
case on the inlet flow. The effect of the inlet piping is, of course, 
an installation problem, and will not be considered here, but the 
effect of the case is a question of basic pump design. 

Effect of Case on Basic Limits. The effect of the case on the 
impeller characteristics has been discussed previously in the sec- 
tions, “Comparison of Normal Operating Characteristics’? and 
“Hydraulic Balance.” It was seen that, in both high- and low- 
capacity regions, the case could produce a nonuniform pressure 
distribution around the impeller discharge. This must result in a 
pulsating flow in the impeller passages. Cavitation performance 
under these conditions must differ from that of steady flow. Pre- 
vious studies at the laboratory (2) have shown that, under some 
conditions such as quite low capacity, the pressure unbalance on 
the impeller may be great enough to cause backflow from the 
case to the eye. Recent investigations also indicate that, in the 
same low-capacity region, the inlet tips of the impeller vanes may 
induce a radial-pressure difference sficient to distort the flow 
further. It is difficult to separate these two phenomena, but to- 
gether they seem to explain the “prerotation’”’ which has been 
observed at times in pump inlets. 

In an attempt to ascertain the effect of the various cases on 
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the cavitation characteristics of the unit, Figs. 10 and 11 have 
been prepared. In both figures, the cavitation parameter ¢ has 
been plotted against the pump head for a series of constant ca- 
pacities during which the inlet head was continuously lowered 
until cavitation was fully developed. Fig. 10 shows the compara- 
tive performance of the single- and double-volute cases of group 
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B. It will be noted that the differences are slight, so slight in 
fact that little significance can be placed upon them, It is un- 
fortunate that no runs are available at very low capacities, since 
this is the region in which the pressure distribution around the 
impeller differs widely for the two cases. Fig. 11 compares the 
double-volute case and the fixed-vane diffusor. These units are 
also from group B, but the results are not directly comparable to 
those of Fig. 10, because slightly different impellers were used in 
the two series of tests. Here, it will be noted that for one capacity 
the fixed-vane diffusor has a cavitation performance quite differ- 
ent from that shown by all other curves. The head rises rapidly, 
as o decreases from 0.12 to 0.06. Since no such behavior is ob- 
served for either the single- or double-volute cases, it must be 
assumed that the fixed-vane-diffusor case is responsible for the 
difference. 

The following logical explanation has been suggested by D. P. 
Barnes of the Bureau of Reclamation. The capacity at which 
this deviate behavior occurs is in the region for which the dif- 
fusor-vane angles must differ from the calculated discharge angle 
of the impeller. If cavitation starts in the impeller, it may quite 
possibly produce a change in the angle at which the flow leaves the 
impeller. If this angle more nearly coincides with that of the 
diffusor vanes, then the diffusion should be more effective and, 
therefore, the pump head should rise. Thus, it is possible that 
this rising head line on the ¢ diagram may be an indication of the 
beginning of cavitation, and hence marks a poorer rather than a 
better pump performance. 
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Selection of Operating Region. In an actual pump installation, 
the physical requirements impose many limitations upon the 
allowable operating regions of the pump characteristics. For 
example, the avoidance of discontinuity points has already been 
discussed. Freedom from cavitation is likewise necessary and 
this, in turn, is affected by the variation of inlet pressure due to 
change in reservoir level, etc. Fig. 12 presents a graphical dia- 
gram of these limitations as applied to the double-volute case 
of group B for three possible operating speeds. The limitations 
imposed are those obtained from a preliminary study of the 
Grand Coulee conditions. Limit A locates the permissible ap- 
proach to the discontinuity or instability region. Limit B bounds 
the region for freedom from cavitation, as determined by the 
point at which there is a 0.5 per cent head drop on the o curve 
(Fig. 11). Limit C bounds another cavitation parameter which is 
somewhat more complicated but which may be more satisfactory 
for certain units. The maximum and minimum operating heads 
are shown by the large crosses. The high-capacity boundary of 
the zone of permissible operation is arbitrarily defined by the con- 
dition that the efficiency has dropped to 94 per cent of the maxi- 
mum value. The zone of permissible operation is indicated by 
the cross-hatched area and, within this zone, all of the criteria are 
met. This very useful type of presentation has been developed 
by D. P. Barnes. 

It will be noted that, when the unit is operated at a speed of 
83 per cent of the design value, only the low-head high-capacity 
portion of the required operating region can be covered. To 
obtain the high head required, an increase in speed to 90 per 
cent of the design value is necessary but, if this speed variation 
is permissible, the entire operating region can be covered satis- 
factorily. Conditions at the design speed are somewhat similar 
except that, to meet the high head condition, a speed increase to 
only something over 103 per cent is required. Operation at a 
speed of 111 per cent, however, permits the entire operating 
range to be obtained within the zone of permissible operation at 
constant speed. 

Fig. 13 shows a similar diagram for the fixed-vane-diffusor 
pump of group B. Here, however, it is seen that, over a range of 
from 100 to 118 per cent of design speed, it is impossible to find 
any combination of constant- or variable-speed operation which 
will cover the desired range and yet meet the limitations imposed. 
It will be noted that in this unit the most serious deviation from 
limitations is from the “limit B” cavitation parameter. 


TuRBINE OPERATION FOR STEADY AND TRANSIENT 
CONDITIONS 


One of the characteristic features of a pump installation is 
that transient conditions are quite commonly encountered under 
which the pump is called upon to operate as a turbine. Thus, for 
example, if the pump is operating normally and power should 
fail, unless there is a check valve in the line, the unit will slow 
down, reverse, and come up to runaway speed as a turbine, thus 
passing through the region of pump operation, a region of com- 
plete energy dissipation, and through the entire zone of turbine 
operation. In the design of large pump installations it, is, there- 
fore, very important for the plant designer to know the charac- 
teristics of the machines over the entire range of operating possi- 
bilities, in order that adequate provision may be made for maxi- 
mum shaft torques, pressure surges, centrifugal forces, etc. 

Complete Characteristic Diagrams. One of the first investiga- 
tions of this complete range of pump operation was made by 
Kittredge and Thoma (3). It is convenient to present this in- 
formation on a single diagram (4). Figs. 14 and 15 are two such 
diagrams for the single- and double-volute pumps, respectively, 
of group B. It will be noted that families of constant-head, con- 
stant-torque, and constant-efficiency lines are plotted against co- 
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ordinates of capacity and speed. The performance of the unit 
at any constant speed is given by the intersection of these families 
of contours with a vertical line passing through the speed chosen. 

Turbine Runaway Speed. The runaway speed of the unit, 
when operating as a turbine, is given by the intersection of the 
zero-torque line in the turbine region with the head curve corre- 
sponding to the pressure across the pump for that particular con- 
dition. For short pipe lines of ample proportions, this head is 
nearly the same as the pumping head since, under these condi- 
tions, the friction losses would be quite small. If the runaway 
speed exceeds the operating speed by a sufficient margin, it may 
be the controlling factor in the structural design of the impeller. 
Since the absolute value of this runaway speed is constant for a 
given unit operating under a given head, its value relative to the 
operating speed is determined by the choice of the latter. This 
can easily be seen by referring to Fig. 14. Consider that the 
normal operating head is represented by the 100 per cent head 
line. For the Grand Coulee installation, the maximum possible 
head which can cause turbine operation is about 120 per cent. 
The 120 per cent head line intersects the zero-torque line in the 
turbine zone at a negative speed of about 135 per cent. With a 
runaway speed of 35 per cent above that of normal operation, 
the impeller stresses may become quite serious. However, if it 
were decided that more suitable characteristics could be obtained 
by operating as a pump at 120 per cent of the design speed, then 
the runaway speed would exceed that of normal operation by 
about 12 per cent. 

Turbine Operation for Possible Peak-Load Power Development. 
The Grand Coulee pumping plant of course is only a part of the 
total Grand Coulee project. A major function of the latter is 
power development. One of the problems always confronting a 
power project is the provision of sufficient capacity to meet peak- 
load demands. Therefore, the possibility has been suggested of 
using the pumping plant as a peak-load power supply by allowing 
the water to flow back from the upper reservoir, thus operating 
the pumps as turbines and the synchronous motors as generators. 
It will be noted in both Figs. 14 and 15 that these units have 
zones of very high efficiency in the turbine region, practically 
identical with the maximum efficiency obtained as pumps. Since 
the power must be supplied at constant frequency, it is necessary 
that the speed of turbine operation be the same as that of the 
pump. It is, of course, desirable to get as much power as possible 
from the turbines. However, the zone of turbine operation is de- 
termined by the selection of the pump operating speed. 

For example, if in Fig. 15, the pump is considered to operate 
at 100 per cent speed, the torque and therefore the horsepower 
available in the turbine region will be 75 per cent of the corre- 
sponding values for the pump. For the high-head condition, i.e., 
for 120 per cent head, the turbine output will go up to about 110 
per cent of the normal pump input at 100 per cent head. If, how- 
ever, a normal operating speed of 111 per cent is selected for the 
pump, as was shown to be desirable in Fig. 12, conditions are 
quite different. Now, it will be observed that the normal torque 
input to the pump is 130 per cent for the low-head condition and 
about 120 per cent for the high-head condition, whereas, the 
corresponding turbine operation shows a torque of only about 
35 per cent for the low-head condition and about 85 per cent for 
maximum-head. These values must be corrected to the new 
reference of 130 per cent, which was the input torque to the pump 
under normal head conditions. On this basis, the turbine out- 
put varies from 27 to 60 per cent of the power input to the pump 
at normal operating head. This output would appear to be so 
small as to be of doubtful value for a peak-load power supply. 
The trend, indicated by these examples, appears to be general, 
i.e., for a given design, if the operating point as a pump is located 
at a relatively low capacity, the operating speed will be low, the 
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turbine capacity will be high and the runaway speed will be high; 
whereas, if the operating point is chosen at a relatively high ca- 
pacity and speed, the turbine capacity and the runaway speed 
will both be comparatively low. Thus, one more factor is added 
to the complicated set of requirements involved in the choice of 
the proper unit for the given installation. 

Transient Behavior. The transient behavior of a pump is a 
function not only of the pump characteristics, but also of the 
pipe-line characteristics and other hydraulic and inertia features 
of the entire installation. The prediction of transient behavior 
has been briefly discussed in one of the previous references (4). 
Figs. 16 and 17 show typical transient characteristics for the 
double-volute pump of group B. These were computed by the 


Fic. 16 TRANSIENT CHARACTERISTICS OF DouBLE-VOLUTE Pump, 
Group B 


(Calculation for power failure when operating at 100 per cent speed 
and normal-head conditions.) 


Fig. 17 CHARACTERISTICS OF DouBLE-VOLUTE Pump, 
Group B 


‘(Calculation for power failure when operating at 117.5 per cent speed 
and extreme high-head conditions.) 


use of the Bergeron graphical method of water-hammer calcula- 
tion (5) with the data from the laboratory for the complete pump 
characteristics. 

Fig. 16 shows the performance following power failure when 
the pump has been operating at normal head and speed. Fig. 17 
gives the corresponding characteristics for the extreme high-head 
condition, with the pump operating at 118 per cent of design 
speed at the time of power failure. For both conditions, it will 
be noted that the head fluctuations are quite moderate and pre- 
sent no problem. On the other hand, it is somewhat startling 
to imagine a 65,000-hp unit changing from a normal pump, op- 
erating at full speed in one direction, to a turbine operating at 
runaway speed in the other direction in an elapsed time of only 
26 to 28 sec. The torque curves show that the maximum shaft 
stresses increase to 40 per cent above the normal operating value. 
The runaway speeds correspond closely to those already dis- 
cussed. 

Fig. 16 indicates that the unit operation remains in quadrant 
IV for as much as 10 see. This is a region of complete energy dis- 
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sipation, since energy is being poured into the machine through 
the deceleration of the rotating mass while, at the same time, 
energy is being given up in the machine by the fluid flowing 
through it. Little is known about cavitation conditions in this 
region, aside from the fact that they are apparently quite serious. 
It is felt that quadrant IV operation offers a fruitful field for 
further investigation. 


SuMMARY OF RESULTS 


Limitation of Program. Before summarizing the results, it 
should be re-emphasized that, although this investigation has 
shed some light on a few of the factors involved in the selection of 
the type and design of pump to meet particular needs of a given 
installation, the amount of information is still very meager. 
Many possibilities of casing design remain to be explored. Cavi- 
tation limits are yet too empirical in character, and the possi- 
bilities of obtaining more desirable performance for a given in- 
stallation through changes in the impeller design are barely 
touched. 

Operating Characteristics and Speed. The over-all performance 
of a pump, using a given impeller, is greatly affected by the case 
design. For a given type of case, the characteristics may be 
varied considerably by the choice of the point at which the case 
“fits’’ the impeller. Of the three types of cases studied, the 
double-volute type appears to give the widest high-efficiency 
range. 

A well-designed impeller has a fairly wide range of speeds over 
which it will operate satisfactorily when delivering against a 
given head. A proper choice of case “fit” therefore will result in 
a unit having the desired operating speed. For a given combi- 
nation of impeller and case, the head-capacity characteristics 
can be “steepened”’ by choosing the operating point at a relatively 
high capacity and speed. If a head-capacity steepness greater 
than that of the basic impeller performance is desired, it can be 
obtained only by the sacrifice of efficiency, i.e., by pushing the 
operating point to a capacity out beyond the zone of maximum 
efficiency. This is equivalent to using a casing too small for the 
desired capacity. 

Hydraulic Balance and Radial Thrust. Within the zone of 
maximum efficiency, the fit of the case to the impeller is usually 
satisfactory enough to produce a relatively uniform pressure dis- 
tribution around the impeller discharger. Therefore, operation 
in this zone is accompanied by little or no radial thrust. Opera- 
tion at higher or lower capacities distorts this uniformity and re- 
sults in radial thrust. The resultant force on the impeller and 
shaft is highest for the single-volute case. The fixed-vane-diffusor 
construction greatly reduces the magnitude of the force and it is 
eliminated by a well-designed double-volute casing. 

Instability. Discontinuities in the head-capacity character- 
istic seem to be an inherent feature of centrifugal pumps, or at 
least of high-efficiency ones. These discontinuities probably are 
due to changes in the flow regimen, either in the impeller or case. 
They often limit the extent of the satisfactory operating range. 
The closeness with which they may be approached is presumably 
a function of the magnitude of the discontinuity. 

Cavitation. Cavitation is an impeller phenomenon and is rela- 
tively insensitive to casing design. However, severe unbalance 
of the pressure distribution around the impeller discharge may 
change the cavitation conditions. Cavitation usually produces 
a change in the head-capacity characteristic. In general, the 
head is lowered, but under some circumstances it seems that it 
may be first increased. Cavitation forms one of the major limi- 
tations in determining the zone of satisfactory operation. If, in 
order to obtain other desirable characteristics, the operation 
point for a given impeller is chosen some distance away from 
the design point, it may be necessary to modify the eye design to 


4 
Si 
~ 
\ 
H | 
} 
| | | 
| | | | 


260 TRANSACTIONS OF THE A.S.M.E 


secure satisfactory cavitation elimination. As yet, no satisfac- 
tory quantitative determination of the inception or degree of 
cavitation has been developed. 

Turbine Operation. In general, a centrifugal pump can be 
operated very satisfactorily as a turbine and, over a limited 
range, with an efficiency equal to the best performance as a pump. 
In special cases, it may be feasible to utilize this possibility to 
supply a peak-load power demand by reversing the flow and 
operating the pump as a turbine and the motor as a generator. 
If this is to be done, careful consideration must be given to the 
design of the unit, since the selection of the pump operating 
point determines the turbine performance as well. The condi- 
tions for securing the optimum pump characteristics, turbine 
operation, and low runaway speed are usually not compatible, 
and therefore the relative value or the different elements of the 
performance must be evaluated carefully. 


CONCLUSION 


Although this study was designed to answer specific questions 
covering the selection of operating features for the pumping units 
to be installed at the Grand Coulee project, the results obtained 
are somewhat more generally applicable than might be expected. 
It is anticipated that, in the future, there will be more and more 
demand for hydraulic units, both pump and turbine, the charac- 
teristics of which are particularly adapted to the installation re- 
quirements, and it is felt that studies of the kind herein reported 
offer the most reliable means of securing the desired result. 
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Positive avoidance of the plastic-ash phase at all sur- 
faces bounding the furnace has required emphasis upon 
heat-absorption performance of furnace surfaces. Evolu- 
tion of the present-day furnace, which is practically self- 
cleaning, reliable, of high efficiency, and can operate con- 
tinuously month after month under variable conditions 
of coal, load, and attendance, is treated in the paper from 
its inception in Milwaukee during 1918 to the present new 
installations of the author’s company. 


HE following 20-year-old conclusions, concerning the ‘‘slag- 

ging” problem and furnace heat absorption, constitute a 

basic principle in pulverized-coal firing, and also furnish 
the theme for this paper: 

“Tf the refuse is to be removed easily, the bottom of the furnace 
must be kept below the temperature at which ash becomes 
sticky.” 

“A better way of keeping the furnace temperature ........ 
slightly below that of the running slag........ is to expose a 
large amount of boiler heating surface to radiation from the 
furnace.” 

These statements were made in a bulletin? which covered an 
investigation of powdered coal as fuel at the Oneida Street Sta- 
tion in Milwaukee (now called East Wells Street Station), where 
experimental work had been carried on for some months. 

A major problem in burning pulverized coal concerns the in- 
combustible portion of the coal, namely, the ash. If the ash 
could be removed from the coal before firing, an enormous simpli- 
fication of the combustion process would occur. Almost every 
element in the boiler plant would be affected favorably. Thus a 
minor constituent of coal requires the major attention of the 
designer and operator. 


Tue FurNAcE TEMPERATURE SCALE 


Fig. 2 was prepared to show graphically the general conclusion 
that the ash problem dictates that over 50 per cent of the total 
heat absorption must occur in many furnaces of modern design 
if ash-slagging problems are to be avoided. 

In an all-brick furnace, having no heat-absorbing surface, a 
theoretical temperature of 3700 F would be reached. This 
assumes 16 per cent CO, (15 per cent excess air) and 600 F pre- 
heated air. This temperature is 1400 F above the 2300 F ash- 
softening temperature of average Pennsylvania coal. 

The flue gas or products of combustion must be cooled from 
3700 F to 800 F by the water and steam surfaces before entering 
the air heater. This is a total of 2900 F of cooling and, ‘since the 
specific heat of the gases varies only slightly over the temperature 


1 Chief Engineer of Power Plants, Wisconsin Electric Power Com- 
pany. Mem. A.S.M.E. 

?“‘An Investigation of Powdered Coal as Fuel for Power-Plant 
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Cross, U. 8S. Bureau of Mines, Bulletin No. 223, 1923. 
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1400 F 


range, the furnace must absorb 2 or 48 per cent of the total 


900 F 
net absorption to lower the furnace exit temperature below the 
ash-softening temperature. Actually over 50 per cent should be 


Fie. 1 


Historic PuLVERIZED-FUEL BoILERS 


(Tests of boiler No. 5, in foreground, were subject of Bureau of Mines 
Bulletin.?) 
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Fic. 2 FuRNACE-TEMPERATURE SCALE 


(Showing that over one half of heat absorption of modern boiler units must 
occur in furnace if ash-softening temperatures are not to be exceeded at 
boiler entrance.) 
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TABLE 1 TRENDS OF FURNACE HEAT ABSORPTION IN MILWAUKEE BOILER UNITS 
(Showing reduction of furnace exit temperatures, in spite of larger sizes, by greater furnace heat absorption) 


-——-Oneida St.——~ 
Without With 


water water 
Item screen screen 
2 Steam output (design max) lb per hr 18000 23000 
3 Heat input, million Btu per hr....... sx 24.1 31.2 
4 COs at boiler outlet, per cent........ 14 5 
5 Efficiency, over-all, per cent.................. 79.7 78.8 
Heat-absorbing surface, sq ft: 
6 Boiler, convection surface.................... 4680 4680 
7 Furnace, radiant surface*...................- 101 171.0 
Economizer, convection surface............... 0 0 
9 Air heater, convection surface................ 0 0 
11 Btu released per hr per sq ft of furnace surface?. . 238000 182000 
12 Btu released per hr per cu ft of furnace volume... 15000 21300 
13. Average ash-fushion temperature, F........... 2300 2300 
14 Average furnace temperature (calculated maxi- 


Lakesid — 
Boiler Port 
room Wash- East 
Boiler Boiler No. 3, ington, Wells St., 
room room boiler boiler boiler Commerce 8t., 
No. 1 No. 2 No. 19 No. 1 No. 16 boiler No. 25 
1920 1923 1928 1935 1838 1941 (scheduled) 
131200 300000 690000 225000 375000 
110.0 183.5 430 890 326 470 
13 15.5 14.5 14.25 14.8 15 
87.5 88.8 85.7 86.0 85.3 86.1 
13057 17650 23640 44087 13500 24000 
618 1324 5338 9748 4609 6391 
7603 14256 


178000 138000 805 91500 70500 73500 

17000 15700 17800 14500 16300 15400 
2150 2150 2150 2250 2250 

2100 2100 2000 2100 1950 2000 


@ Includes projected surface of boiler tubes and superheater surfaces corrected to equivalent water surfaces. 


provided to have some margin to cope with operating conditions 
and contingencies. 

This example indicates that low excess air and high temperature 
of air preheating require greater heat absorption in the furnace, 
if ash problems are to be avoided. Air preheaters are being used 
in many plants in place of economizers since higher steam pres- 
sures are causing more extensive use of extracted steam to heat 
feedwater. The heat absorbed in the air heater will raise the 
furnace temperature unless the designer has provided for in- 
creasing heat absorption in the furnace. 

Larger steaming capacities of boilers naturally have placed 
emphasis on the ash problem because the furnace heat-absorption 
area does not increase as rapidly as does the furnace volume when 
boiler outputs are increased. Doubling of furnace dimensions 
normally increases furnace volume 8 times but available water- or 
steam-wall area is increased only 4 times. Thus larger boiler 
units tend to have hotter furnaces unless the volumetric rate of 
combustion is decreased proportionately. 


MILWAUKEE EXPERIENCES 


Table 1 summarizes Milwaukee experience in this regard, 
starting with the small Oneida Street units, including the large 
Port Washington boiler unit, and ending with the Commerce 
Street installation now under construction. It shows: 


1 The large increase in size of boiler units. Port Washington 
output is 30 times that of Oneida Street units. (See item 2 of 
Table 1.) 

2 Retention of low furnace temperatures to a point below 
ash-softening temperature. (See item 14.) 

3 Decrease of excess air, increase of air preheat, more furnace 
cooling, and uniformity of Btu per cu ft per hr heat release. 

4 Decrease of Btu release per hr per sq ft of furnace heat- 
absorbing surface to about '/; of early practice. 


Comparison of items 13 and 14, Table 1, will show that, at 
maximum rated output, the furnace exit temperatures of the 
Lakeside units are about 50 F below ash-fusion temperatures. 
Since these units serve topping turbines and normally operate at 
83 per cent of maximum rated output, it can be said that extensive 
experience with these four large units urges that furnace exit 
temperatures be limited to 200 F below ash-softening tempera- 
ture, for normal operation. 

Ever since Lakeside fuel changed in 1934 from Pennsylvania 
and West Virginia coal to southern Illinois coal, experience with 
this matter of maintaining a margin against slagging of boiler 
inlet tubes has been accumulated. Excess air required slight in- 
creases, cleaning methods were studied and, in general, operation 


ONEIDA STREET: LAKE SIDE NO! 920 


LANE SIDE NOI 


Fig. 3. Evo.tution or FurNacE CooLiInc oF MILWAUKEE BoiLeRr 
UNITs 


(Showing relative size, extent of brickwork, and ‘‘cold” surfaces [in black], 
and illustrating definite trend toward greater furnace heat absorption.) 


had to be more carefully conducted in order to sustain load- 
carrying reliability. The more recent installations in subsequent 
stations have been provided with a greater margin before trouble- 
some slagging can occur. 

The “furnace exit temperature’ at Lakeside and in subsequent 
stations is actually about 200 F above the boiler inlet tempera- 
tures and is measured by high-velocity thermocouples. Calcula- 
tions are made for this furnace exit temperature at the location 
where the gases enter the triangular portion above the arch level 
Fig. 3, in order to correlate the calculated heat-transfer rates with 
an extensive experience of radiant superheater transfer rates. 
When it is borne in mind that gases are reduced about 200 F in 
this triangular section, one realizes from Lakeside experience that 
boiler-inlet-gas temperatures 200 to 300 F below ash-softening 
temperatures afford scant margin against first-pass clogging. 


History oF MILWAUKEE INSTALLATIONS 


The original experiments at Oneida Street were conducted on a 
4680-sq ft water-tube boiler in 1918. The management of The 
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Milwaukee Electric Railway and Light Company (now Wisconsin 
Electric Power Company) encouraged the application of pul- 
verized coal to this boiler. They considered it a good business 
risk to place the boiler at the disposal of the operating crew for 
experimental purposes feeling that, even under these conditions, 
the boiler would be available when needed. Almost endless ex- 
periments and tests were made before a furnace of the proper 
design was developed; in fact, one furnace was rebuilt five times 
before obtaining a satisfactory shape and volume. 

The water screen played an important role in arriving at an 
acceptable furnace performance in this original pulverized-coal 
unit. To quote the Bureau of Mines Bulletin:? ‘The first 16 
tests showed the impossibility of running the furnace with low 
excess air without the ash fusing at the bottom of the furnace. 
Consequently experiments were made with a water coil or screen 
to cool the bottom of the furnace. This coil, by partly screening 
the bottom from the radiation of the flame and by absorbing 
radiation from the bottom, kept the temperature of the bottom 
below that of the fusion point of the ash. Screen No. 5 in Fig. 
13 was most effective in preventing troublesome slag at high 
rates of combustion and with low excess air.” 


LAKESIDE STATION 


At Lakeside, where the second application of dry-ash furnaces 
was made, the slag problem was largely overcome by the installa- 
tion of so-called water screens in all furnaces. ‘These screens were 
connected into the circulating system of the boiler by means of 
vertical risers. It was in this installation, too, that a radical de- 
parture from the convection type of superheater was attempted 
through the introduction of the then new radiant-heat-absorbing 
superheater. In 1923, John Anderson, in a technical report* on 
the subject stated: “In view of the keen interest manifested 
toward the furnace problem, the advent of this type of super- 
heater on a commercial scale happens at an opportune time. It 
seems to be the consensus of opinion of many of the foremost 
power-plant engineers that the ultimate solution of the present 
furnace problems will be in steam- or water-cooled furnace walls. 
The installation of the water screen and the radiant-heat super- 
heater seems to confirm the existence of a tendency toward steam- 
and water-cooled furnace walls.’ 

It is natural that the developments in the first two of Lake- 
side’s boiler rooms should become part of the design for its third 
boiler room. It is here that Lakeside’s four 1300-lb boilers are 
located. Dry-ash furnaces with radiant superheating surfaces 
were again the order. Each of the four high-pressure boilers 
serves a topping turbine of 7700-kw capacity, all of which exhaust 
at constant pressure to the plant’s 300-lb header after the steam 
passes through reheaters, located within the individual boilers. 

The temperature of steam exhausting from the topping turbine 
increases with decreasing load, thereby requiring a reheater of 
convection characteristics to obtain a uniform outlet tempera- 
ture over the operating load range. As a result, radiant reheating 
is not required. Radiant superheating surfaces, however, are 
used in the side walls of these furnaces with waterwall surfaces 
in front and rear. 


Port WASHINGTON STATION 


In the Port Washington boiler, which is the largest on the 
Milwaukee system, the opportunity existed for using a radiant 


*“The Use of Pulverized Coal Under Central Station Boilers,” 
by John Anderson. Paper presented before the Technical League of 
the Employes Mutual Benefit Association, The Milwaukee Electric 
Railway & Light Company, Milwaukee, Wis., February, 1920. Be- 
cause of its historic value in the art of combustion, this paper has 
been reprinted by the Combustion Engineering Company, Inc., New 
York, N. Y. 


Fig. 4 CLEANLINESS IN oF LarGe Output 
(With an output of 690,000 lb per hr, the Port Washington unit does not 


cause slagging troubles because of adequate heat-absorbing area. The con- 
dition of the furnace without cleaning, after a 6-months’ continuous run at 
normal output of 465,000 lb per hr, is shown herewith.) 


reheater surface advantageously. This resulted from a combina- 
tion of uniform throttle steam temperature over a wide load 
range and compound-turbine operation. The upward steam- 
temperature trend of the radiant surface at lower loads fits well 
with the lowered outlet steam temperature from the high-pres- 
sure section of the turbine, thereby permitting the maintenance 
of a uniform reheater outlet temperature over the same wide 
load range. Incidentally, this inherent control of reheated-steam 
temperature has aided materially in maintaining high thermal 
efficiency in the plant month after month. The placing of the 
steam-cooled surface in the furnace wall has not only aided in 
retaining the desired low furnace temperature but has also re- 
sulted in a gain to the plant in thermal efficiency. 

As steam pressures increase, reheating becomes more necessary 
to the economical operation of the steam cycle. This influence, 
together with the trend toward higher steam temperatures directs 
attention toward radiant steam surfaces, because they become 
increasingly more important as superheating and reheating 
mediums. The low-temperature furnace with its greater wall 
areas permits installation of radiant superheating and reheating 
surfaces and thus points the way toward further progress in the 
art of steam-power generation. 


FuEL VERSATILITY AND RELIABILITY 


The ability to change from one coal to another to permit econo- 
mies in the purchase of coal when price differentials change has 
long been a goal sought by boiler-plant owners. A versatile fur- 
nace which is not affected by a change in the constituents of coal, 
such as occurs when changing from a so-called high-grade coal 
to a low-grade coal, is of inestimable value. At Lakeside, for 
instance, the coal situation changed decidedly and rather sud- 
denly during the depression. Eastern coal had been the most 
economical, but when midwestern operators began producing 
coal in large quantities and offering it at attractive prices, the 
economic picture changed. Tests in Lakeside’s furnaces indicated 
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Fic. 5 Re AsH REMOVAL 


(A method that does not require any particular boiler-loading schedule nor reduce boiler-unit availability is shown. See Fig. 6 for outline of this me- 
chanical hoe and furnace hopper bottom.) 


that the new coal could be burned without difficulty and without 
undue added costs. On the basis of the tests, the change was 
made in 1934. Since that time, Lakeside has made appreciable 
annual savings, even after allowi:., for increased costs incurred 
by the poorer quality of the coal (ash disposal, etc.). This is 
tangible evidence of the value of a versatile furnace. 

Reliability is an important factor in producing low over-all 
costs and its value cannot be overemphasized. The four high- 
pressure boilers at Lakeside have an availability record of 94.2 
per cent over a 9-year period in spite of an average of 15 stops 
and starts per month. The Port Washington boiler has operated 
at an availability of 93.9 per cent over a 4.1-year period, Table 2. 


TABLE 2 AVAILABILITIES OF FIVE 1300-LB BOILER UNITS FOR 
SEVERAL YEARS 


(A total of 40 boiler years’ experience at an average availability of 94 per cent 
attests to the point that moderate furnace temperatures are conducive to 
high reliability) 


Lakeside, average of Port Washington, 


Year 4 boilers, per cent 1 boiler, per cent 
1931 92.0 

1932 93.8 

1933 97.6 

1934 94.0 

1935 95.3 100¢ 
1936 93.0 91.1 
1937 95.0 93.0 
1938 93.0 97.5 
1939 93.9 93.4 
Average (weighted) 94.2 93.9 


@ Started November 22, 1935. 


These reliability records have been obtained on boilers having 
moderate furnace temperatures. 


EFFICIENCY ASPECTS 


Consistently holding to optimum efficiency conditions for the 
many different operating situations experienced in typical plant 
routine is possible with the type of furnace under discussion. 
Change of coal, unusually high or low load, disability of a portion 
of auxiliaries which affect the furnace, or trouble with regulating 
superheat temperature, and several other situations that can 
cause expenditure of extra fuel with less versatile furnaces, affect 
the dry-ash furnace comparatively little. With favorable burners 
and proper air admission, combustion at low ratings is stable and 
efficient. 

While it may be possible to operate a hotter furnace during 
many of the conditions mentioned without sacrifice of economy, 
provided special attention is given, it is usually necessary to 
compromise for the sake of reliability. When a boiler unit is 
needed definitely for daily peak loads, its operators will not take 
a chance of rendering it unavailable for the peak. A positive 
margin against clogging the first pass of boiler tubes, for instance, 
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Fic. 6 A Recent Desian 


(This East Wells Street, 650-psi, 225,000-lb per hr boiler unit employs more 
liberal furnace cooling than any of its predecessors.) 
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must be provided continuously. Many boiler troubles are 
cumulative and, once they start, are difficult to arrest unless 
load can be reduced. 

It is not what a boiler unit can do under special test, but what 
its operators actually get from it over a period of several years 
that is the criterion of boiler-unit efficiency. From available 
data, there appears substantiation of the premise that dry-ash 
furnaces are conducive to high sustained efficiency. 


Lona-Time MAINTENANCE ASPECTS 


It appears probable that furnace-maintenance costs increase in 
proportion to furnace temperatures, even when brickwork de- 
terioration is disregarded. It has been found by experience that 
long-time service in furnace duty will cause maintenance which 
would not be anticipated even upon careful inspection after a 
year of operation. 

When steel absorbs heat at the rate of 50,000 Btu per sq ft per 
hr, there is a 200-F temperature difference per in. of thickness 
perpendicular to the plane of absorption. This causes stresses 
of considerable magnitude. When this occurs, at least in the case 
of integral extended surfaces, minute cracks may start in a year 
or two, and then tenaciously travel without limit, even into the 
inside of the tube itself. Steel at high rates of heat transfer be- 
haves like masonry at low temperatures; short-time service is no 
guarantee against long-time freedom from destructive cracking. 

If several furnace tubes fail on different occasions from the 
same trouble, then all similarly affected tubes, even those de- 
teriorated to a much lesser degree, must be replaced. Less drastic 
maintenance was possible in the days of many small boiler units 
serving one turbine, but present-day practice requires that boiler 
units be kept at peak reliability at all times. Cases are known 
where forced outage of one boiler caused prompt outage of other 
boilers operating in parallel because the assumption of the high 
load caused similar trouble. Operators, who have experienced the 
distress of troubles that become cumulative, thereafter try hard 
to avoid their cause. 


Dry-Borrom Versus Dry-AsH FURNACES 


There is a difference between a dry-bottom furnace and a dry- 
ash furnace. Dry-bottom furnaces have experienced serious fall- 
ing of enormous accumulations of dense slag from upper parts of 
the furnace onto screen tubes or floor tubes. The dry-ash furnace 
permits of no destructive nor outage-provoking accumulations 
at any point, not even on brickwork. Attachment of ash is so 
fragile that the light honeycomb deposits fall when reaching a 
few pounds weight. 


SupERHEAT-TEMPERATURE CONTROL 


Variations in ash deposits will present a problem of steam- 
temperature control in boiler units of the future, where heat ab- 
sorbed by superheating surfaces may exceed 50 per cent of the 
total heat absorbed by the entire unit. The dry-ash furnace is 
not entirely free from ash deposit but the variations in ash de- 
posit will not cause a severe problem in control of superheat 
temperature. 

Economics OF FURNACES 


Wet-ash furnaces are chosen frequently because of minimum 
installation costs. Space limitations often require the use of 
small furnaces; in fact, many have been installed between the 
same building columns used for older units of less output. 

Boiler-unit reliability has a decided bearing upon total invest- 
ment costs and operating costs. Savings due to furnace size are 
lost if the design lacks reliability and requires more spare boiler 
units. It is felt that too much emphasis cannot be placed upon 
reliability. 
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CONCLUSIONS 


This paper shows how the present-day furnace in Milwaukee 
has been evolved from the original pulverized-fuel furnace in 
1918, and traces the development of a major principle in pulver- 
ized-fuel firing. 

In order to prevent ash from sticking to the inside surfaces of 
any furnace, these surfaces must be designed to cool properly 
the ash below its plastic state. 

Experiences and data are presented indicating that a practical 
solution of the so-called “‘slagging problem” consists of designing 
boiler furnaces for such appreciable heat absorption that gases 
are approximately 200 F below ash-softening temperatures when 
entering the first rows of boiler tubes. 


Discussion 


J. M. Drasetie.‘ The Milwaukee Electric Railway and 


- Light Company and the late John Anderson are two names which 


will always be inseparably linked together in the commercial de- 
velopment and use of pulverized-coal firing in large power boilers 
in this country. 

The fundamental principles established by that company and 
by Mr. Anderson are as applicable today as when they were es- 
tablished. Making use of such principles, the topping unit at the 
Cedar Rapids Power Station of the Iowa Electric Light and 
Power Company is of interest. 

The boiler has a nominal maximum rating of 300,000 lb of 
steam per hr at a temperature of 750 F and a pressure of 750 psi 
gage. The coal fired is from the Illinois strip-mine fields and has a 
heating value of 10,100 Btu, moisture content 18.3 per cent, an 
ash content of 10 per cent, and a sulphur content of 2.9 per cent, 
the ash having a fusion point of approximately 1900 to 2000 F. 

The boiler unit and waterwalis were furnished by the Spring- 
field Boiler Company, Springfield, Ill. The furnace is unique in 
that it is divided into two sections separated by a vertical water- 
wall in the center. This wall is of the open type and is made up 
of two banks of tubes, one bank each per furnace section. The 
total water surface of the sidewalls of the furnace based on 
projected area is 4315 sq ft. The total water surface facing the 
fire, including the first row of boiler tubes and the V-bottom ash- 
pit tubes, is 4810 sq ft. The total cubic volume of the two fur- 
naces is 15,385 cu ft. Including the V-bottom ashpit section, 
the total is 16,125 cu ft. 

The principal dimensions of each section of the furnace are 
width 12 ft 8 in.; depth 19 ft 6 in.; height, from upper section of 
V-bottom ash section to first row of steam-generating tubes of the 
boiler, 31 ft 9 in. 

The performance of this furnace with pulverized coal has thor- 
oughly proved the accuracy of the author’s conclusions, i.e., heat- 
absorbing surface is so arranged as to avoid hot-gas-flow sections 
entering the tube bank of the boiler with consequent fouling, 
bridging, and other difficulties typical of some furnaces. 

Each section of the furnace at the nominal rating of the boiler 
is fired by two pulverized-coal burners handling 9.2 tons of coal 
per hr per furnace section. There have been no troublesome de- 
posits of any kind; such deposits as have appeared on the side- 
wall tube bank are of the light, fragile, honeycomb type as de- 
scribed by the author. There has been absolutely ne objection- 
able smoke or other troubles due to this comparatively cold fur- 
nace. 


J. B. Jounson.’ From the viewpoint of the inspecting engi- 


4 Consulting Engineer, Iowa Electric Light and Power Company, 
Cedar Rapids, Ia. 
5 Engineer, The Travelers, Milwaukee, Wis. 
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neer, it can be mentioned that there is another factor affect- 
ing the economy of operation of boiler units of the type de- 
scribed by the author. Observation over a period of years has 
developed the conclusion that a distinct reduction in time of 
outage, either scheduled or forced, is obtained by dry-ash-furnace 
operation. The limiting factor for cooling speed under fan con- 
trol has been found to consist almost entirely of an hourly tem- 
perature drop that is not so great as to be unfavorable to the tube 
joints in the drum. 

Access to the interior of the furnace and boiler passes being 
appreciably hastened by this factor, it is evident that the avail- 
ability percentage is less affected by the outages for inspection 
and maintenance, whether scheduled or otherwise. 

There is still another item on the favorable side from the stand- 
point of the inspecting engineer. At the most, there is a light 
“whisker ash” which is easily removed, and the bare surfaces are 
exposed for easy and rapid examination. This again means a 


saving in outage time and, not only can the inspections be made 


more rapidly, but their quality is enhanced. 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1941 


In these days when the color of the metal surfaces has a dis- 
tinctive message for the inspection engineer, a rapid method of 
securing a clean surface is indeed appreciated. In the case of the 
dry-ash furnace, all that is required to secure a truly bare sur- 
face is a light water wash, atomized with compressed air. 

Summing up, it can be stated that this type of furnace has in- 
herent advantages favoring the availability percentage, due to a 
decrease in time for cooling the furnace, resulting in quicker at- 
tainment of temperatures at which inspection and maintenance 
operations may be conducted with less time and labor being re- 
quired for making ready for these operations. 


AvutrHor’s CLOSURE 


Use of a dividing wall in the furnace reported by Mr. Drabelle, 
in order to cool it sufficiently for trouble-free operation with 
unusually poor coal, is certainly of interest and of significance. 

Mr. Johnson’s appropriate remarks suggest that better in- 
spection possible with the dry-ash furnace assists in realization 
of higher reliability. 


ee 

= aes 

of? 

| 

| 

| 

| 

| 

ah 


Steam Locomotives—Notes on Ages and 
Proportions, With Suggestions 
for Improvements 


By J. L. RYAN,' SPRINGFIELD, MO. 


Locomotives are often built and maintained in kind for 
their service life, renewal parts being made according to 
their original design, whereas at but little if any additional 
cost, they might be renewed to modern design and propor- 
tions. In this paper the author discusses the high per- 
centage of the total number of steam locomotives having 
road assignment which do not have modern proportions 
and which will be continued in service for many years. 
This situation leads to the suggestion that increased 
capacity and economy may be built into them at slight 
additional expense by following the practice of making 
required maintenance renewals according to modern pro- 
portions, with particular emphasis on adequate steam 
space, increased gas area through the boiler, a high degree 
of superheat, and valve events for speed and capacity. 


HE demand for faster service, longer runs, and high 

mileage on the railroads has left almost all of them with 

many locomotives on their hands which are not adapted 
to meet such requirements. In other words, the horsepower de- 
mand cannot be met. Many of these locomotives may be im- 
proved for faster and more sustained service by making changes 
which will not incur a great deal of expense. 

From month to month one may see, in publications concerned 
with railway transportation, articles giving the proportions and 
design features of locomotives that are being delivered to some 
railway. If the reader is not something of a student of the 
motive-power field, he may come to the conclusion that the rail- 
ways are being well stocked with new locomotives. This, how- 
ever, is far from being true. In fact, time passes so rapidly, 
making obsolete locomotives which we are inclined to consider 
as modern, that those of us concerned with motive-power prob- 
lems may well be startled by the actual conditions when making 
compilations of the locomotives handling our transportation 
services, their ages, proportions, and construction. 


DEGREE OF OBSOLESCENCE OF NaTION’s MotivE PoWER 


In attempting to approximate the extent to which our road- 
service steam motive power may be considered modern, the author 
uses as an example the locomotives of his employer, which is 
considered an average-size railway. Out of an ownership of 610 
locomotives, 425 or 70 per cent are assigned to road service. In 
view of the speeding up of freight and passenger schedules, the 
horsepower rating of locomotives is a better yardstick to apply 
than the rated tractive effort which is so frequently used. Thus, 
using Cole’s values for cylinder-horsepower rating for locomotives 
built prior to 1920, and the railway company’s test results for 
those built in 1920 and later, the 425 locomotives having road 


‘ Mechanical Engineer, St. Louis-San Francisco Railway Company. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tae Ameri- 
CAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


assignment have a rating of 1,096,100 hp, an average of 2579 
hp each. Table 1 indicates the periods in which certain of these 
locomotives have been built. 


TABLE 1 Pt OF BUILDING LOCOMOTIVES OF THE 


. LOUIS-SAN FRANCISCO RAILWAY 


Horsepower Percentage 
rating of total 
1935 and later...... 132700 12.0 
1923 and later... .. .. 543200 49.5 
1919 (U.S.R.A.) and 623500 56.7 


Of the locomotives producing 220,700 hp built or rebuilt in 
1930 and later, only 132,700 hp, or 12 per cent of the total con- 
sidered, fully meet the transportation department’s operating 
requirements and have the desired proportions for economy of 
operation and maintenance. There are 31 locomotives included 
in this 12 per cent, having an average rating of 4300 hp. Nu- 
merically, these locomotives are 7.3 per cent of the total having 
road-service assignment. 

Now considering the railroads as a whole, we find that, in 
1939, reports? were filed for 45,965 steam locomotives. Should 
the road-service ratio of 70 per cent be applied to the 45,965 
steam locomotives reported in order to arrive at the approximate 
number having road assignment, we would have a total of 32,175. 

The record of purchases of steam locomotives for service in 
the United States, 1934 to 1939, inclusive, is given in Table 2 


TABLE 2 LOCOMOTIVE PURCHASES; 1934-1939 
Construction — Service 

orders placed Road Yard 
1934 63 9 
1935 17 1l 
1936 349 84 
1937 149 27 
1938 33 2 
1939 88 2 
Total 699 135 


Numerically the 699 steam locomotives listed in Table 2, purchased 
for road service, constitute only 2.2 per cent of the 32,175 steam 
locomotives considered as having assignment to this service. 
These new locomotives have approximately double the rated 
horsepower capacity of the average of the total and accumulate 
mileage at rates 2 to 3 times that of the average. On this basis, 
they should account for 10 to 15 per cent of the transportation 
movement. This leaves 85 to 90 per cent of the movement being 
handled by locomotives built prior to 1934. A number of the 
freight locomotives, built in the period 1928 to 1931, were pro- 
portioned to meet present operating requirements; the majority, 
however, while having good boiler proportions and good steam 


2? Twenty-Eighth Annual Report of the Chief Inspector, Bureau of 
Locomotive Inspection, Interstate Commerce Commission, U. 8. 
Department of Commerce, Washington, D. C., 1939. 

3 “Locomotive Purchases by American Railroads,” Annual Statisti- 
cal issues of Railway Age, vol. 98, 1935, p. 155; vol. 100, 1936, p. 71; 
vol. 102, 1937, p. 70; vol. 104, 1938, p. 76; vol. 106, 1939, p. 79; 
January 6, 1940, p. 78. 
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distribution, continued with wheel diameters which are a handi- 
cap today. 

Returning to the figures on the locomotive ownership of the 
author’s employer, it will be observed that, of the 1,096,100 
rated horsepower, representing the total capacity of the 425 
locomotives assigned to road service, locomotives having 12 per 
cent of the rated total are considered modern, while locomotives 
accounting for 44.7 per cent of the rated total were built commenc- 
ing with the U.S.R.A. period and from then on to the time when 
those having modern operating proportions were constructed. 
With the groups of locomotives in mind which will fall within 
the period of construction of the 44.7 per cent mentioned, it is 
suggested that studies similar to the following be undertaken 
with the object of making maintenance replacements as nearly 
according to modern proportions as possible in preference to the 
“as-built” proportions. Regardless of our opinions with respect 
to the economical retirement age of equipment, these locomotives 
will, in all probability, be continued in service for many years. 

In some instances at no additional cost, and in many instances 
at a nominal additional cost, distinct improvements may be 
effected in the capacity and economy of locomotives by the re- 
proportioning of parts which are subject to renewal from time 
to time through the routine of maintenance. 


Proportions WHICH SHOULD BE EXAMINED 


The boiler is an excellent starting point when reviewing the 
design and proportions of a locomotive for possible improvement. 

Many of the boilers designed in the days of drag service have 
inadequate steam space for the high steam-release rate obtained 
under present operating conditions. When a new firebox is 
applied, this condition can be readily corrected. The lowering 
of the crown sheet 3 in. will increase the volume of the steam 
space 20 to 25 per cent. This is frequently sufficient to transform 
a poor water-carrying boiler into a good performer. When this 
is effected, the results are: 


(a) Better performance on line of road; 

(b) Higher superheat temperature; 

(c) Reduction in maintenance of valves, pistons, and super- 
heater units. 


Locomotives, designed for operation on heavy-grade lines and 
having permanent reassignment where only light-grade lines are 
encountered, should be checked for the lowest reading of the 
water glass relative to the highest point of the crown sheet and 
for the visible length of the water glass used. A gain of 15 to 20 
per cent in steam space is at times possible by a slight lowering 
of the water glass and reduction in its visible length, maintaining 
the same degree of safety in operation on the light-grade line as 
prevailed on the heavy-grade line for which the locomotives were 
built. 

The gas area through the barrel of the boiler is one of the all- 
important details which should be checked in order to provide 


the maximum attainable. In the design of locomotives con- 
structed in the period 1919 to 1930, some railroads incorporated 
practices in the spacing of tubes which today are recognized as 
not being consistent with spacing that may be followed with good 
results, water treatment and welded flues effecting this permis- 
sible change. 

A case in point was the building some years ago of 50 type- 
2-8-2 locomotives by a certain railroad, following in detail the 
boiler dimensions of the U.S.R.A. 2-8-2 B, except for the layout 
of the tube sheets. The latter type had 45 flues 5'/, in. in diam, 
and 247 tubes 2!/, in. in diam. The 50 locomotives of the 2-8-2 
type mentioned have 45 flues 5'/, in. in diam and 219 tubes 2'/, 
in. in diam, 

A kindred condition can also be found in the proportioning of 
some boilers having combustion chambers with the water space 
around the chambers greater than is now required for good 
practice. The area of the back tube sheet is generally the limit- 
ing factor in the tube application to these locomotives. A reduc- 
tion of the water space around the combustion chamber when 
applying a new firebox could be capitalized upon through the 
application of additional boiler tubes. 


BorLer-TuBE-SHEET LAYOUT AND SUPERHEAT 


With the results at hand on the improved cylinder performance 
of modern and semimodern locomotives, a high percentage of 
which is attributable to steam-chest temperatures of 700 to 
750 F, when we apply new tube sheets in the course of mainte- 
nance, the reproportioning of the tube layout to provide high 
steam-chest temperatures offers an excellent opportunity for 
increased capacity and economy. 

The tube-sheet layout of the U.S.R.A. locomotives is propor- 
tioned so that the 5'/:-inch flues will have a flue-gas area of 45 
to 46 per cent of the total gas area through the boiler. Such a 
proportion with the type-A superheater gives a steam tempera- 
ture approximately 100 F below that desired in today’s operation. 

Table 3 shows the tube-and-flue application with resulting 
proportions for the U.S.R.A. 2-8-2 B locomotive as built, as 
well as a number of possible applications without requiring any 
change in the crown height or water space around the combus- 
tion chamber. The order of application to attain increased ca- 
pacity, as well as for fuel economy, would be as follows: 


1 Type-E superheater. 

2 A6 X 9 layout of 5'/,-in. flues with the application of 
HA superheater units or their equivalent. 

3 A 6 X 10 layout of 5'/;in. flues, with the top corner 
flues omitted; application of 58 type-A superheater units. 


Increasing the capacity of the superheater effects a material 
gain in addition to that of reducing the steam rate per unit of 
work, since the increased number of units reduces the pressure 
drop, which at a high work rate is equivalent to a substanti-1 
increase in the boiler pressure. 


TABLE 3 POSSIBLE TUBE AND FLUE APPLICATIONS ON U.S.R.A. 2-8-2 B TYPE LOCOMOTIVE WITHOUT CHANGE IN DIMEN- 
SIONS OF BACK TUBE SHEET 


HA or 

Bud 5 X 9 (As built) 6X9 
Steam area through superheater, 51.3 61.6 66.1 71.92 
Net gas area through boiler, 1447 1438 1427 

proximate temperature range | steam in branch pipe, deg F at high work rate 830-640 HA 710-730 700-720 710-730 
M aximum evaporation, tubes and flues (Cole’s values)................eedeeeees 37984 37125 36175 39320 
Maximum evaporation, including firebox heating surface (Cole’s values)......... 54809 54010 53060 56205 


2 
4 
7 
Pan 
dg 
2 
be 
is 


Combustion chamber—with or none 
Back tube sheet altered 


Distance over tube sheets, ft-in 
Vertical pitch of 5'/:-in. flues, in 
Heating surface of tubes, sq ft............. 
Total heating surface, tubes and flues, sq ft. 
Superheater heating surface, 
Steam area through superheater, sq in........ 
Net gas aren through boiler, 66 im..... 
Net gas area through 5!/:-in. phew per cent 
— range of steam in branch pipe, deg F, at high work rate.... 


a ~ @ Combustion chamber lengthened and siphon applied. 


Example No. 1 


RYAN—STEAM LOCOMOTIVES—AGES AND PROPORTIONS, SUGGESTIONS FOR IMPROVEMENTS 


TABLE 4 EXAMPLES OF REPROPORTIONED TUBE-SHEET LAYOUT BY ST. LOUIS-SAN FRANCISCO RAILWAY 


Firebox heating surface increased 18.3 per cent. 


TABLE 5 EXAMPLES OF CHANGE IN VALVE EVENTS AS MADE BY THE ST. LOUIS-SAN FRANCISCO RAILWAY TO MEET ALTERED 
OPERATING REQUIREMENTS; EXAMPLES OF RECENT CONSTRUCTION 
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Example No. 1 Example No. 2——— 


As built Reproportioned Reproportioned As built eproportioned 

A A HA A A 
5x9 7x9 6x9 5X8 6x8 
With With With None None 

ae ° ° Crown sheet 
lowered 3 in. 
22-0 22-0 20-0 21-0 20-11 
63 54 38 48 

251 211 242 225 176 
63/4 61/2 61/2 61/2 61/3 
31/3 31/16 31/16 31/5 31/10 
1420 1988 1548 1144 1440 
3240 2724 2839 2772 2160 
4660 4712 4387 3916 3600 
1233 1726 1834 978 1235 
51.3 71.8 61.6 43.3 54.7 
1426 1556 1500 1245 1233 
44.7 7.4 49.3 43.3 55.2 
590-620 690-710 2690-720 “us 680-700 
41610 42220 1370 36010 33170 


Original As altered 
Locomotive 4-6-2 4-6-2 
Class of service...... Passenger Light fast 

passenger 

Cylinders, diameter and 24 28 24 X 28 
Exhaust clearance, in. 3/16 


Maximum cutoff, per cent.. 


Table 4 contains examples of reproportioning the superheater 
application on two classes of locomotives by the author’s em- 
ployer. 


Errect oF VALVE EvENtTs ON LOCOMOTIVE OPERATION 


As important as the proportioning of the boiler and the super- 
heater, are the valve events upon the operation of a locomotive. 
Classes should be checked having in mind today’s assignment. 
A 4-6-2 type built to handle the heavy trains of another period, 
with valves having 1 to 1'/s-in. steam lap, should not be as- 
signed to light, high-speed trains without altering the valves 
and valve gear to provide events to suit. Locomotives of the 
2-8-2 type, designed in the days of drag service, may be found 
operating on near passenger schedules and with practically the 
original restricted steam ports and valve events. This neces- 
sarily results in loss of power and fuel. 

Classes, which are receiving the application of new cylinders, 
should have the diameter of the valve, area of the exhaust 
channels, and the steam ports carefully examined. They should 
be proportioned to meet today’s requirements. Only a few 
locomotives need be involved to justify the cost of a new cylinder 
pattern, should it be required, in order to obtain the desired 
proportions. 

Considering the fact that locomotives in freight service are 
rated today on their power output at piston speeds of 1200 to 
1400 fpm, instead of on their initial tractive effort, the responsi- 
bility devolves upon the mechanical engineers at least to point 
out the potential power increases which may be effected through 
moderate changes. At the time of heavy shopping, a valve gear, 
providing drag-service events, can be replaced with a gear pro- 
viding modern events, often at slight cost over that which 
would be involved in maintaining the original in kind. 

Table 5, examples Nos. 1 and 2 are instances of altering the 
valve gears to meet changed assignments and operating condi- 
tions. In both cases the originals were for passenger service 
with running speeds of 55 to 60 mph. The alterations were 
made to provide valve events to accommodate an economical 


Example No. 2 


Example No. 3 


Original As altered — recent construction 

4-6-2 4-6-4 2-8-2 4-8-2 4-8-2 

Heavy Conversion, Freight Freight Freight 
passenger heavy fast 

passenger 

210 225 235 0 
26 X 28 26 X 28 27 X 32 27 X 30 29 X 32 
74 74 64 
13 13 14 14 15 
1 18/5 118/15 18/4 118/16 
3/16 3/16 3/16 3/10 


cruising speed of 70 to 75 mph, with occasional top speeds of 
80 to 85 mph. 

Should one review a table showing the steam lap, lead, ex- 
haust clearance, valve diameter, etc., for the various locomotives 
recently built, the question could well be asked what proportions 
and valve events should be provided to meet today’s operating 
requirements most satisfactorily? The locomotives which we 
are considering are those built from 1919 to 1930, the majority 
having working pressures within the range of 200 to 250 psi. 

The problem is to provide the highest possible mean effective 
pressure at piston speeds of 1200 fpm and higher. L. H. Fry’s 
recent review‘ of the reproportioning of locomotives by the 
Paris-Orleans Railway may be read to advantage by those hav- 
ing to do with steam-locomotive proportions; also by those 
having to do with the maintenance. In the latter case, the re- 
view should be studied in order that a better understanding will 
exist when a slight increase in maintenance is assumed in order 
to effect a substantial increase in the work-rate capacity. 

Indicator cards, Figs. 1 to 4, inclusive, are shown as an ex- 
ample of the increase in mean effective pressure which may be 
effected through the adoption of a long steam lap. They were 
taken from a 2-8-2-type locomotive having 45 type-A super- 
heater units, 27 < 32-in. cylinder, 14-in-diam valve, 8*/¢-in. 
maximum travel. The valve setting for cards, Figs. 1 and 3, 
was as follows: 1'/;in. steam lap, */i-in. lead, 0-in. exhaust 
clearance, 15/s-in-width steam port. The valve setting for 
cards, Figs. 2 and 4, was as follows: 2'/;in. steam lap, 3/,.-in. 
lead, '/1s-in. exhaust lap, 2*/,s-in-width steam ports. 

Example No. 3 Table 5 shows the steam lap, lead, exhaust 
clearance, valve diameter, maximum cutoff, etc., which the 
author’s company uses as the most practical for fast heavy 
freight service. With a 1%/j.-in. steam lap and valve travel to 
provide 75 to 77 per cent maximum cutoff, auxiliary starting 
ports are not required. Cards shown in Figs. 5 and 6 were 


4“The Locomotive in France,” by L. H. Fry, Railway Mechani- 
cal Engineer, vol. 112, 1938, p. 473; vol. 113, 1939, p. 1; vol. 113, 
1939, p. 345. 
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HEAD CRANK 


953 fpm 
36.5 per cent 
199 psi 


Boiler pressure. . 
Total engine horsepow 


991 fpm 


Boiler pressure. . 
Mep, head end.. 
Horsepower, r.8........... . 1257 


Total engine horsepower... . 2514 
200r 
100+ 
SOF 
HEAD CRANK 
Fie. 5 
Cutoff.. 38 per cent 


taken from the 2-8-2-type locomotive listed in Table 5, having 
14-in-diam valves with I'5/j in. steam lap. These cards were 
taken when the locomotive was operating with a piston speed of 
approximately 1000 fpm. It is not difficult to visualize the 
shrinkage in the mean effective pressure which would result from 
either a reduction in the diameter of the valve or in the steam 
lap. With today’s piston speeds of 1200 to 1600 fpm, it is doubly 
important that the inflow and outflow of steam be as unrestricted 
as is practicable. The use of valves of a diameter which may be 
considered large need not incur excessive weight. Lightweight 
built-up valves using gas pipe with a wall thickness of 4/1. in. 
and steel castings having '/, in. section have been standard prac- 
tice with the author’s company for 7 years. 


BorLer PRESSURE 


In the light of the excellent on-line-of-road operation which 
has been obtained from locomotives of recent construction, with 
working pressures within the higher pressure range, one might be 
inclined to the thought that the 200 to 225 psi working pressure, 
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SOF 
100+ 


SOF 


HEAD CRANK 


1041 fpm 
35.8 per cent 
195 psi 


Mep, head end.. 
Horsepower, r.s8.. 

Total engine horsepower 


200° 
ISOF 


100} 


HEAD CRANK 


Piston speed. . 


964 fpm 
51 per cent 


Horsepower, r. 
Total engine horsepowe er... 


HEAD CRANK 


Mep, head end.. 


Total engine horsepower... ... 


to which many of the locomotives built in the 1919 to 1929 period 
are limited, presents an extreme handicap to one attempting to 
provide increased economy and power with which to meet today’s 
operating requirements. 

From the economy viewpoint, some encouragement may be 
obtained from a review of the design of the recently built high- 
pressure locomotives. The adoption of the higher working 
pressures without modification of design to provide for increased 
ratio of expansion does not admit of the increase in thermal 
efficiency of the engine which is ordinarily considered a result of 
the use of the higher pressure. The decrease in the differential 
between the two is particularly true where a heavy work rate 
with reduced ratio of expansion is involved, the locomotives in 
both pressure ranges working at approximately the same cutoff 
or with the same ratio of expansion. 

High pressure is forced at times where high piston thrust is 
required, and the cylinder diameter must be limited to keep 
within clearance limits. There is no denying that high pressure 
gives an engine a “smartness” of response; however, from the 


150 
100 
Fig. 1 Vic. 2 
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66.7 psi 1330 
1004 2660 
2008 
100 
? 
HEAD CRANK 
Fic. 3 Fia. 4 
.7 psi Mep, head end.. 86.6 psi 
... 3062 
200 
150 
100 
50 
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115.0 psi 
3920 
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standpoint of capacity and for operation within the present oper- 
ating requirements of high-speed freight service, much may be 
accomplished with working pressures of 200 to 225 psi. An 
example of this is on one of the divisions of the author’s com- 
pany, where the two groups of 4-8-2-type locomotives listed in 
example No. 3 of Tabie 5 are in a pool. The steaming capacity 
of the locomotives in the two groups is approximately the same. 
The 250-lb locomotives have 54 type HA superheater units 
with 61.6 sq in. of steam area through them. The size of the 
valves, events, etc., are given in Table 5. 

When it was decided to condition the group of locomotives 
having 210 psi to work in a pool with the 250-lb locomotives, the 
5'/in. flues were increased from 45 to 63, with a resulting in- 
crease in steam area through the superheater units from 51.3 to 
71.8 sq in.; the dry pipe and branch pipes were increased to suit; 
29-in. cylinders having 13-in-diam valves were replaced with 
29-in. cylinders having 15-in-diam valves; valve gears providing 
6'/. in. maximum travel were replaced with gears providing 
8'/, in. maximum travel; valves having 1-in. steam lap were re- 
placed with valves having 1'5/j-in. steam lap. There is some 
difference in the response of the two groups, so far as the en- 
ginemen are concerned, but none, so far as the dispatchers are 
concerned, both handling the same tonnage on the same schedules. 


STEAMING CapaciTy-—VALUE OF FEEDWATER HEATING 


When treating the subject of providing the maximum possible 
capacity in existing steam locomotives, the steaming capacity 
which may be added to the boiler at high work rates by the 
application of feedwater-heating equipment, utilizing exhaust 
steam, should be analyzed and a distinction made between the 
percentage of return on the investment and the percentage in- 
crease in power; also that a net 10 per cent increase in boiler 
capacity is 12 to 13 per cent at the drawbar. 


CONCLUSION 


The groups of locomotives that were built in the years 1919 
to 1930 offer, in general, a fertile field for a substantial addition 
to the work-rate capacity of our locomotives through the adop- 
tion of a policy of providing proportions to give a high degree of 
superheat, low pressure drop from boiler to steam chest, and valve 
events to conform with present-day operating requirements, 
these changes building up the mean effective pressure at the 
higher work rates and without increasing the maximum stress in 
frames, driving axles, crankpins, rods, ete. 

These suggestions are not advanced with the intention of de- 
tracting from the thought and effort which ordinarily are put into 
the development of new locomotives but merely to take advan- 
tage of the opportunity that is offered daily in our shops to build 
greater capacity into locomotives which are having renewals 
made as maintenance routine and involving only a nominal 
amount of re-engineering. 


Discussion 


C. T. Rietey.§ This paper suggests the need for improvement 
in valves and valve gears, in order to get better performance 
while a locomotive is working at high capacity. The writer is in 
agreement with the author’s conclusions as to the possibilities of 
the poppet-type valve. There appears to be no question but that 
better results can be secured with this type of valve, provided the 


operating mechanism is satisfactory. Some years ago experi- 


ments were made with the Caprotti design on American locomo- 
tives. These showed a number of desirable features, but difficul- 
ties developéd in making the parts rugged enough to withstand 


5 Chief Engineer, Technical Board of The Wrought Steel Wheel 
Industry, Chicago, Ill. Mem. A.S.M.E. 


271 


service in large locomotives. This design did, however, show 
very satisfactory drifting characteristics. 

This matter of drifting has not been referred to, although it is 
a most important one. Practically all American locomotives 
have been built without any suitable device to make them drift 
satisfactorily, unless considerable steam is used in the cylinders. 
There have been numerous so-called drifting valves, but these 
have been inadequate to meet the requirements. On downgrades 
it is necessary to have the throttle open considerably beyond the 
pilot-valve stage, in order to get proper lubrication and avoid 
pounding. This results in a wastage of fuel and the necessity for 
increased braking, which also causes a loss in brake shoes and 
wheels. In some of the western mountain territory, locomotives 
drift as much as 28 per cent of the total time; for example, from 
Albuquerque to Gallup, a distance of 127 miles, they drift about 
27 per cent of the time. From Gallup to Albuquerque, 127 miles, 
about 28 per cent of the time. From Seligman to Needles, 150 
miles, they drift 67 per cent of the time. It is appreciated that 
these are extreme conditions and apply only to mountainous 
territory. However, there is a very considerable amount of 
drifting even on the more level eastern railroads. There is a dis- 
tinct need for improvement in devices to permit of more economi- 
cal and satisfactory drifting. 

One western railroad made a study of this matter and designed 
large by-pass valves, connecting the ends of the valve chambers, 
similar to the practice on German locomotives. These connec- 
tions must be about 9 or 10 in. in diam, in order to meet the re- 
quirements. They are automatic in operation, as the pressure in 
the steam chest closes the by-pass valve. When the pressure is 
not present, coiled springs act upon the valve to open it. There 
is also a steam connection to the cab, which can be used in emer- 
gency in case the valves are stuck open, but it is seldom necessary 
to use it. Operation of these valves has been very satisfactory 
and there is no difficulty from pounding or in maintaining lubri- 
cation in the cylinders. They have reduced the amount of 
braking necessary on the trains and have resulted in marked fuel 
savings. Recent tests have shown a saving of 7 per cent in fuel, 
while operating over the territory between Barstow, Calif., and 
Albuquerque, New Mexico, a distance of 748 miles. It may be 
noted that the saving in braking, through use of proper types of 
drifting valves, increases in the case of locomotives and trains 
equipped with roller bearings with their lessened friction. 

The use of the poppet valve will probably make it unnecessary 
to have any special devices applied for improving drifting charac- 
teristics. In the case of old engines which are to be rebuilt, as 
suggested by the author, and in designing new engines with pis- 
ton valves, some consideration should be given to this matter. 


ArtHuR WI.LuiaAMs.* Those familiar with the locomotives of 
the St. Louis-San Francisco Railway referred to in this paper 
will agree that the author and the mechanical department of that 
railway have produced excellent results. It is the writer’s im- 
pression that this is due to the careful consideration given to all 
details of locomotive and cylinder design. In discussing the 
various items, the paper starts with the possibility of lowering 
the crown sheet to increase the volume of the steam space, and 
finishes with the valve gear and valve settings. Between the two 
points, the gas area through the boiler, steam area through the 
boiler, steam area through the superheater units and steam pipes, 
degree of superheat, and pressure drop of the steam are all con- 
sidered. 

In general, it is possible to improve a locomotive with a small 
superheater by increasing the number of superheater units and 
flues. This will increase the superheater heating surface and 


6 Manager, Production Engineering Division, The Superheater 
Company, East Chicago, Ind. Mem. A.S.M.E. 
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superheat, but care must be taken that the evaporative heating 
surface is not decreased too much with a corresponding decrease 
in boiler efficiency. In Table 4 of the paper an increase in the 
heating surface of the tubes and flues was obtained with the larger 
superheater, but this was done with a decrease in the flue spacing. 
It is not always possible to do this. The type-E superheater is 
designed to give the maximum superheater and evaporative 
heating surface so that a high superheat is obtained at the same 
time as a low smokebox temperature and high boiler efficiency. 


AvuTHOR’s CLOSURE 


The author believes that Mr. Ripley’s discussion of the poppet- 
type valve refers either to the paper’ presented by Charles F. 
Krauss, “Notes on the Trends in Reciprocating Valve Mecha- 
nisms Employing Piston Valves” or to the paper’ presented by A. 


7 Abstracts of both of these papers were published in Mechanical 
Engineering, vol. 63, February, 1941, pp. 140-144. 
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G. Hoppe, “Notes on Valve and Valve Motion Designed for 
Modern High-Speed Passenger Steam Locomotives.” The 
paper presented by the author did not touch on the subject of 
the poppet-type valve. 

Mr. Williams’ discussion points out that in general it is possi- 
ble to improve a locomotive with a small superheater by increas- 
ing number of superheater units and flues, but that when in- 
creasing the superheating surface care must be taken that the 
evaporative heating surface is not decreased too much with a 
corresponding decrease in boiler efficiency. The author agrees 
with Mr. Williams, but adds that the increased degree of super- 
heat obtained through an increase in the number of superheater 
units effects an improvement in cylinder performance through- 
out the entire range of work rates from low to high. The de- 
creased evaporating capacity is not vital except at the higher 
work rates and then is generally more than offset by the de- 
creased steam rate resulting from the higher degree of superheat. 
This is particularly true of oil-burning locomotives. 
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This paper develops the fact that the drying of coal in 
the mill while grinding, instead of in separate driers pre- 
vious to mill operations, makes possible large savings in 
equipment, building, and operating costs, besides making 
possible a net gain in boiler-plant efficiency in the order 
of 0.5 per cent. This gain is due to improvement in air- 
heater performance, resulting from lesser gas flow through 
it as well as the reduction of approximately 6 per cent of 
the total gas to 150 F instead of the usual 350 F. Use of an 
auxiliary cyclone in the mill-vent circuit, with return of 
the coal separated therefrom to the mill, results in a coal 
loss from the system of only about 0.25 per cent. 
I avoidable losses involved is due to the moisture content of 
the coal as fed to the furnace. The loss is measured at the 
point where the flue gases leave the unit and consists of the heat 
of the liquid between the temperature of the incoming coal and 
the boiling point at atmospheric pressure, plus the latent heat of 
vaporization and the heat of superheat between the boiling tem- 
perature and the temperature of the outgoing gases. This is 
one of the minor losses in the burning of coal; nevertheless, it 
does attain appreciable proportions for the higher moisture 
coals, as shown in Fig. 1, which gives the percentage of loss for 
12,000-Btu coal for various moistures and final flue-gas tem- 
peratures. 

Besides the efficiency loss caused by the moisture content of 
the coal, moisture in the flue gas is a contributing factor to the 
accumulation of deposits in the lower temperature regions of air 
heaters and economizers, especially with the higher sulphur 
coals. These deposits seriously impair the heat-absorbing ca- 
pacity of the surface and, in extreme cases, result in reduction of 
load-carrying capacity and sometimes in forced shutdown. 
Their removal is often difficult and expensive. 

The extraction of moisture from coal for stoker firing has not 
been given much attention; in fact, some conditions of operation 
require “tempering” of the coal with water to improve combus- 
tion, 

In order that over-all plant-efficiency gains, due to removal of 
moisture from coal may be fully realized, the moisture must be 
removed prior to its entrance to the furnace and be discarded to 
some point entirely beyond the heat-absorbing areas. Its re- 
moval must be accomplished with heat of the lowest temperature 
head available, preferably with otherwise waste gases. 

It is evident that in the unit-fired system of pulverized-coal 
burning, hot-air injection into the mill is of value only in so far 
as it benefits mill operation and capacity. The moisture re- 
moved from the coal is injected directly into the furnace and con- 
stitutes the same loss as would be encountered in stoker firing. 

The bin-and-feeder system requires removal of moisture (es- 
pecially surface moisture) down to the lowest practicable value, 


N THE burning of coal under power boilers one of the un- 


! Senior Test Engineer of Power Plants, Wisconsin Electric Power 
Company. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Joint 
Meeting, Birmingham, Ala., November 7-9, 1940, of the Coal Divi- 
sion of the American Institute of Mining and Metallurgical Engi- 
neers and the Fuels Division of Taz AMERICAN Society OF MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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Mill Drying of Coal 


By M. E. FITZE,! MILWAUKEE, WIS. 


in order that the powdered coal in handling, storing, and feeding 
will flow freely and uniformly at all times. 


Earty Dryinc Metuops 


Early developments in the art of pulverized-fuel firing by the 
bin-and-feeder system concentrated the drying efforts on the 
coal previous to pulverization. The first generally successful 
driers were of the cement-kiln type; inclined drums some 5 ft in 
diam X 40 ft long, rotating about 3rpm. The coal was fed into 
the upper end, gradually working down and out at the lower end 
by the process of slow rotation. The coal was lifted by suitable 
“pick-up” plates on the inside of the drum and dropped through 
the hot gases which were admitted at the lower end and removed 
from the upper. Fines carried out by the gases were removed 
by a cyclone separator before the gases were discharged. Unless 
the drier was close enough to the boiler flue to make possible a 
supply of heat from that source it was necessary to equip the 
drier with a separately fired furnace of its own. To prevent 
overheating of the drier, large amounts of excess air were used 
which, of course, meant inefficient utilization of this portion 
of the coal (approximately 0.5 per cent) charged to the plant. 
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Later, driers were developed in which the coal was passed over 
steam-heated grids or plates with a stream of air passing counter- 
flow to the coal. This made possible the utilization of bled steam 
from the turbines, but capacities were not very high for the space 
occupied and, where long steam lines were required, considerable 
installation expense was involved. 

All these separate drying schemes were predicated on the use 
of a pulverizing plant separate from the rest of the boiler plant. 
This involved: 

1 High building and equipment cost. 

2 High maintenance cost. 

3 High operating labor cost. 


DEVELOPMENT 
In order to overcome these three high-cost factors of separate 
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coal drying and milling and, at the same time, to retain the in- 
herent high efficiency and all-around operating flexibility of the 
bin-and-feeder system, the mill drying of coal with flue gas taken 
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from the latter part of the working cycle was developed. 


Fig. 2 shows diagrammatically the arrangement of mill-drying 
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equipment installed in three plants of the Wisconsin Electric 
Power Company and now being installed in a fourth. 

Flue gas is taken from the last pass of the boiler and the air- 
heater outlet, properly proportioned by suitable damper control 
to give the desired temperature, and injected by the hot-gas fan 
into the mill circuit at the entrance to the mill wind box. Gas 
temperatures about 550 F are used. In order to maintain pres- 
sure in the mill circuit at some constant value and to rid the cir- 
culating system of moisture removed from the coal, a vent fan 
withdraws from the circuit, at the discharge of the main mill fan 
and just prior to the injection of the hot gas, such volume of 
moisture-laden gases as is necessary. The vent fan discharges 


through a cyclone separator and thence to the flue for discharge 
with the boiler flue gas. 

It. will be noted that the mill exhauster is located on the clean 
side of the main cyclone, obviating the necessity of accelerating 
the entire mill output through the fan wheel. This results in a 
saving in fan power and blade erosion which is considerable. 
It also makes possible the use of a more efficient type of fan 
wheel. The power saving may amount to 2 or 3 kwhr per ton of 
coal. 

The auxiliary collectors discharge their separated coal into 
the top of the mill; the principle of allowing considerable down- 
ward gas flow through their bases aids their efficiency materially. 
When separating coal of such fineness that 98 per cent passes a 
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325-mesh sieve, their efficiency averages upward of 80 per cent 
when 500 cfm is induced downward through the apex. 
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FITZE—MILL DRYING OF COAL 


TABLE | TEST RESULTS OF A MILL-DRYING SYSTEM 
GENERAL 
Pump-motor current, amp.... 23 
Arr Data 
Top of mill pressure, in. water.............. —6.9 
Fan-inlet pressure, in. water.............. —17.4 
Fan-discharge pressure, in. water.......... 1.8 
Pressure rise through fan, in. water.. 19.2 
Wind-box pressure, in. water............ —0.34 
Wind-box temperature, F.............. 210 
CO: in hot gas, per cent.............. 12.0 
CO: in mill system, per cent...... re : 10.5 
12.5 
Air leakage (mostly through feeders), ‘Ib per hr...... 9440 
Humidity of leakage air (approx), 90 
Moisture in leakage air, lb Pees 74 
Return-air temperature (dry aly, 147 
Return-air temperature bulb). 123 
Saturation, per cent......... 50 
Velocity head in return pipe (25?/« i in. ‘diam), in. water. 1.62 
Volume through mill, cfm........................ 20100 
Vent-fan-inlet pressure, in. water.. -2 
Vent-fan-discharge pressure, in. water. eee ree 2 
Velocity head in oe pipe (23%/s in. diam), in. 

Moisture per lb of dry vent air, grains. .................. 590 
Moisture removed in vent, lb per hr...................... 1490 
Hot-gas fan-inlet pressure, in. water..................... —-3 
Hot-gas fan-discharge pressure, in. water................ 0.28 
Velocity head in betaine line (293/,in. diam), in. water........ 0.048 


Dust CONCENTRATIONS 


Vent-cyclone inlet (main cyclone outlet) Ib per cu ft..... . 0 
Vent-cyclone outlet, lb per cu ft as 


Powrr ConsuMPTION 


0019 
00023 


Total kwhr (mill, fan, pump, ‘vent fan, and hot-gas fan). 816 
Coat Data 
Proximate analysis as milled . 
5.20 
Dry, Btu 13279 
Temperature after milling, 147 
Temperature before milling, F.....................- 42 
Moisture before milling, per cent................ 5.2 
Moisture after milling, per cent. 2.3 
Moisture removed, per cent..... 3.1 
Fineness before milling 
Per cent through '/«-in. mesh... 61.6 
Per cont through */e-im. 88.5 
Fineness after milling (Tyler Standard Screen Scale) 
Per cent through 200 mesh. . ; 60.9 
Per cent through 100 mesh. . ri ia 81.8 
Per cent through 48 mesh.. ; 97.16 
Per cent through 28 mesh. 99.75 
Per cent through 20 mesh. . 99.95 
Per cent through 10 mesh. 100 
Morsrure BaLcance 
Lb per 
hr Per cent 
Moisture input with coal. . 1250 64 
Moisture input with hot ee 630 32 


Moisture input with room air 74 4 


Total moisture input. . 1954 100 
Moisture remaining in coal. ehon 505 26 
oisture removed in vent gas....... 1490 76 
Total moisture accounted for 1995 102 
Moisture unaceounted for. —41 —2 
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When extracting flue gases for mill drying from adjacent to the 
air-heater gas inlet, flue-gas losses at the exit of the air heater 
are reduced, since less heat requires transfer and the ratio of air 
flow to gas flow is appreciably increased. In cases where no 
economizers are employed and the boiler-outlet-gas temperature 
is high, improvement in this ratio nets rapid gains in air-heater 
performance. 

Further reduction in flue-gas losses results with mill-drying 
systems in the lowering of some 6 per cent of the flue gas to the 
vent temperature of 150 F instead of the 350 F at the outlet of the 
air heater. Thus, the cold moist coal is used as an “‘economizer,”’ 
reducing flue-gas losses far below any present practice. Return- 
ing the vent to the furnace merely to reclaim the dust loss would 
not make these gains possible, for full gas flow through the air 
heater would result in the following: 

1 No different air-heater performance from usual. 

2 Vent gas which had already been cooled to 150 F would be 
reheated again to air-heater-outlet temperature. 

3 Lowered moisture loss would not be realized, since the full 
moisture content of the coal would be injected into the furnace, 
just as with unit mill or stoker firing. 

4 Air-heater deposits would be aggravated by the higher mois- 
ture gases passing through it. 


OPERATION OF DryING SysTEM 


In operation, the system has proved highly successful. During 
the last 11 years 268,000 mill-hr have been amassed by eight 
mills aggregating some 55 mill-years of operation. Approximately 
4,400,000 tons of both Eastern and Midwestern coal have been 
ground. 

Maintaining an atmosphere of CO; in the mill circuit is a safety 
feature of major importance, for the operating record cited has 
been accomplished without any fires or explosions having oc- 
curred. With this inert gas in the system, safety codes allow the 
installation of mill-drying equipment within the boiler room 
without the use of fire walls for separation from other equipment. 

In starting up the equipment, a CO, content in the system of 
upward of 12 per cent can be established in 1 min time by closing 
the wind-box damper shown in Fig. 2, opening the vent damper, 
hot-gas gate, and hot-gas automatic damper and allowing the 
high draft in the boiler outlet to pull gases backward through the 
system from the breeching. 

In operation, the automatic hot-gas damper is held open 


pneumatically by suction in the top of the mill. Should the 
TABLE 1 (Continued) 
Dust BaLaNnce aNp EFrricieNncy 
Lb per hr of coal in main cyclone outlet (vent-cyclone inlet). . 2290 
Lb per hr of coal in vent-cyclone inlet...............-...-- 540 
Lbeper hr of coal in vent-cyclone outlet................... 65 
Main-cyclone efficiency, per 90.5 
Vent-cyclone efficiency, per 88 
Heat BALANCE 
(Datum is return-air temperature) 
Mill Btu Per 
per hr cent 
Heat input 
Hot gas, above return air... ................ 1.19 68.4 
Electrical (mill and exhauster)............... 0.55 31.6 
Heat output 
Sensible heat in coal................ 36.2 
Heat-up and evaporate moisture............. 0.88 50.6 
Heat-leakage air........ 0.23 13.2 
Total accounted for........... 1.74 100 
Mitt PERFORMANCE 
10.1 
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TABLE 2. PRINCIPAL INSTALLATION AND OPERATING DATA 
FOR THREE MILL-DRYING INSTALLATIONS OF WISCONSIN 
ELECTRIC POWER COMPANY 


Port East Wells 


Plant Lakeside Washington Street 
Year installed 1929-1930 1935 1938 
No. of units installed........... 4 2 2 
er Roller Roller Bowl 
Rated capacity, tons per hr....... 1 5 


5 1 12 
212500 48000 7700 


OprraTiINnG Data (1939) 


Total hours run to date 


361900 181000 data not 
21620 10920 available 
Power consumed, kwhr. .. 6433000 2730000 
Tons, milled per hr...... jas 16.7 16.6 
Kwhr consumed per ton........... 17.8 15.1 
Moisture 
eee 5.06 1.8 
Removed, per cent 3.9 x 
Fineness, per cent, through 
65.87 66.42 
98.32 98.20 


main exhauster fail, the loss of suction in the mill releases a hold- 
ing latch and the damper is closed by a falling weight. This 
prevents injection of heat into the system at a time when it can- 
not be circulated. 

Corrosion of the mill system was anticipated until experience 
with test specimens, placed in locations most favorable to corro- 
sion, indicated that the flue-gas system would deteriorate equip- 
ment practically no sooner than an air-drying system. Thorough 
insulation of all piping and collectors apparently limits deteriora- 
tion principally to erosion. No other maintenance problems of 
consequence have developed which are attributable to the use of 
flue gas. 

Mill capacities have not been found different from those ob- 
tained using coal dried in separately fired driers. Practically the 
only troubles encountered have been in connection with feeding 
wet coal to the mills through supply hoppers and feeders. 

Table 1 shows results of a test run on one of the mill-drying 
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mills at Lakeside soon after the first installation was made, in- 
cluding data on moisture and heat balances and dust loss to the 
vent. The mill capacity found on this test is low and power 
consumption high, due to reduced mill speed for the trial and 
also coal that was unusually hard to grind. Outputs in the 
order of 15 to 18 tons per hr are more usual. 

Later installations make use of a more efficient type of main 
cyclone, resulting in removal efficiencies of around 97 per cent 
instead of 90.5 per cent, so coal losses to the vent are correspond- 
ingly less. 

Table 2 shows the principal installation and operating data for 
the mill-drying equipment installed to date by the Wisconsin 
Electric Power Company. 

Fig. 3 shows a typical temperature recorder chart from a mill- 
drying installation. 


Economy OF SYSTEM 


An accounting of heat gains and losses due to the mill-drying 
system of coal preparation shows the following: 


Per cent 
Improvement in air-heater performance; 6 per cent gas extracted 0.48 
(10 per cent less gas through heater = 30 F lower out temperature) 
(37.5 F lower flue-gas temperature = 1 per cent boiler efficiency) 


Reduction of 6 per cent of flue gas from 350 F to 150 F............. 0.32 


This tabulation shows that the drying is effected more cheaply 
than it can be done in the furnace or with air drying, for the sys- 
tem actually improves boiler-room efficiencies by 0.5 per cent. 
Operating separately fired or steam driers requires about an 
equivalent heat expenditure, which indicates that mill drying is 
one per cent more efficient than the older drying processes. 

The economies mentioned are all thermal economies. In addi- 
tion, mill drying must be credited with large savings in building, 
equipment, maintenance, and operation costs. The process has 
practically eliminated the fire and explosion hazards in the milling 
of coal. 
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Steam Generation in Steel Mills 


By H. J. KERR," NEW YORK, N. Y. 


The author compares operating results of blast-furnace 
power plants for the years 1922, 1931, and 1940, at the same 
time indicating the changes which have occurred since 
1931, when F. G. Cutler (1)? ably presented the develop- 
ments for the preceding decade. In the course of the 
paper, an analysis is given of the factors delaying the use 
of high steam pressures in steel-mill practice, and the 
problems to be solved in raising steam temperatures. 
Numerous blast-furnace boiler installations, typical of 
the best modern practice, are briefly described and il- 
lustrated. 


N APRIL, 1931, the late F. G. Cutler, an outstanding steam 
| iene of the steel industry, presented, from this platform, 

a paper entitled, “Design Features and Operating Results of 
Fairfield Blast Furnace Power Plant” (1).3 In Table 2 of that 
paper he gave a digest of the results that had been obtained, 
and compared them with those of 1922. In this comparison, 
Mr. Cutler showed the improvement obtained by: The more ef- 
ficient combustion of blast-furnace gas, the use of electrostatic 
precipitators for the cleaning of gas, the increase in steam pres- 
sure from 150 to 340 pounds, the combination of pulverized coal 
and blast-furnace gas in the same boiler furnace, and the increase 
in capacity of boiler units from 70,000 to 175,000 pounds of steam 
per hour. 

Nine years have elapsed since the presentation of Mr. Cutler’s 
paper and, as many changes have taken place in steam genera- 
tion during this period, it may be of interest to compare present- 
day conditions with those of that time. Table 1 shows such a 
comparison for 1922, 1931, and 1940: 

The first two columns of Table 1 constitute additions to, and 
abbreviations of, Table 2 (1) as given by Mr. Cutler. In making 
up the third column, some liberty has been exercised, by taking 
known facts from central-station practice and modifying these 
values by consideration of steel-mill problems. 


CHANGES IN STEAM-GENERATING PRACTICE 1931-1940 


Considering in turn the various items in the list, the following 
changes taking place from 1931 to 1940 will be noted: 

1 Steam pressure increased from 340 to 900 psi, with steam 
temperature increasing from 650 to 850 F. 

2 Boiler efficiency has not been materially increased, due 
largely to economics, but has been maintained, notwithstand- 
ing the higher steam temperatures of today, by the use of air 
heaters and economizers. Stove efficiency about the same. 

3 Capacity of boiler units has been greatly increased. This 
development, in the steel industry, has been held back by the 
dirtiness factor of blast-furnace gas, since large units do not lead 
to flexibility of operations, unless they can be maintained in 
service over reasonably long periods of time. It will be noted 


1 Executive Assistant, The Babcock & Wilcox Co. Mem. A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

3 Bibliography (1), Table 2, p. 17. 

Contributed by the Fuels Division and presented at the Joint 
Meeting, Birmingham, Ala., November 7-9, 1940, of the Coal Divi- 
sion of the American Institute of Mining and Metallurgical Engineers 
and the Fuels Division of Tae AMERICAN SocieTy OF MECHANICAL 
ENGINEERS. . 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. ’ 


that this limitation does not exist at Fairfield, since clean blast- 
furnace gas has been in use for some time. Other steel plants 
are making real improvements in this direction. 

4 Kilowatthours per ton of product (surplus) increased, 
due largely to increased efficiency of high-pressure steam units. 

In regard to furnaces, two yardsticks are given in Table 1. 
The first is the capacity factor of “Btu per cubic foot of furnace 
volume.” In the past this expression has been greatly misused. 
It is, however, a definite measure of the size of furnace in use for 
the combustion of a specific quantity of fuel, and should not be 
discarded any more than it should be misused. 

The table shows the reduction in this value during the transi- 
tion from stokers to pulverized fuel, between 1922 and 1931, and 
then the increase in value as water cooling in furnace practice 
developed, as shown for 1940. These figures indicate that furnace 
sizes have not been determined by the combustion rates possible 
with pulverized coal. 

Perhaps the values of Btu per cubic foot, with blast-furnace 
gas, furnish further evidence of this general statement, since 
these values are often as high as with pulverized coal, and have 
been for many years, notwithstanding the lower heat value of 
this fuel. 

The second measuring stick for furnaces, “Btu available per 
square foot of equivalent cold surface,” is one which the author 
discussed in 1932, at Pittsburgh (2). This factor, in general, 
denotes the amount of cooling received by the gases of combus- 
tion before entering the convection bank, which, in turn, deter- 
mines the amount of trouble to be expected from slag. With coal- 
firing, it is to be noted that high values were used in the past with 
stokers operating at capacities which permitted burning the coal 
on the stoker grate. As the practice shifted to pulverized coal, 
and not considering unsatisfactory installations, this value seemed 
to level off at approximately 200,000 Btu per sq ft of equivalent 
cold surface for coal having an ash-fusion temperature of the 
order of 2200 F. 

In the case of the blast-furnace gas, very much higher values 


TABLE 1 STEEL-MILL POWER PERFORMANCE IN 1922, 1931, 
AND 1940 


1922 1931 1940 
TT OTe 150 340 900 
Steam temperature, F................ 450 650 850 
Boiler efficiency, per cent............. 66 83 83 
Stove efficiency, per cent............. 60 70 70 
Dirt in blast-furnace gas, grains per cu 
Size of boiler units, lb steam per hr.... 60000 175000 400000 
Electric current per ton of product (sur- 


Boiler-furnace factors 

Btu per cu ft of furnace volume 
40000 
25000 


Btu available per sq ft of equiva- 
lent cold 


300000 207000 200000 
Blast-furnace gas............ 350000 200000 150000 
TABLE 2 SUPERHEATER ABSORPTION 
Throttle pressure, psi........... 200 400 800 1200 
Steam temperature required, F... 570 695 835 935 
Gas temperature drop across 
superheater; no by-pass, F... 288 435 636 _ 795 
Heat absorbed by superheater, 
Gas temperature drop across 
superheater; with regulation for 
constant superheat to 0.5 load, 
960 1200 
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of Btu per square foot of cold surface have been used in the 
past, as will be noted from Table 1. This, of course, was possible 
because of the low combustion temperatures obtained with this 
fuel. With later installations, utilizing blast-furnace gas, this 
value has decreased, solely because pulverized coal is being burned 
in the same furnace and is the determining factor in furnace de- 
sign. 

Within the last few years, E. G. Bailey has been giving con- 
siderable attention to this factor, and has referred to it in a 
recent paper (3). 
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Some discussion of the principal factors presented in Table 1 
may be of interest: 

A steam pressure of 1500 psi has now been in use for a sufficient 
period in central stations as to leave no doubt of its commercial 
success. One manufacturer has been using units at 1500 psi 
in process work, for years; a second manufacturing plant has in 
service 2200 psi pressure in connection with power and process, 
and another central station is now installing a very large unit 
for 2600 psi with steam reheat. Up to the present, the operating 
pressure in steel plants in this country has not exceeded 900 psi. 
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The first is the matter of circulation. Many engineers believe 
there is a definite limit to the steam pressure permissible with 
natural circulation. Fortunately, the company, with which the 
author is connected, made a careful study of this problem about 
10 years ago, which proved that natural circulation was entirely 
satisfactory with proper design for pressures up to at least 2600 
psi. 

This statement presupposes a definite separation of water and 
steam in the boiler drum, so that the water in the downtakes will 
be of normal density. As the steam pressure increases, Fig. 1, 
the steam and water densities approach each other, making 
separation of steam and water more difficult. 

Not only is it necessary to remove the water from the steam 
but for proper circulation conditions, it is also necessary to re- 
move practically all the steam from the water, so as to be able to 
maintain the desired circulation head in the downcomers. This 
has been satisfactorily accomplished by the present construction 
of cyclones followed by steam scrubbers, as shown in Figs. 2 
and 3. In these cyclones, the force available for separating the 
steam and water may be 5 to 10 times the force of gravity. For 
more detailed information on this construction and results ob- 
tained, reference is made to a paper by M. D. Baker (4). 

After the steam and water are separated in the drum, it yet 
remains for the designer to take care of such conditions as are 
shown by Fig. 4, which shows an experimental drum, looking 
down at the entrance to s downcomer. It will be noted that, if 
proper means are not taken to prevent its formation, a vortex of 
no mean proportions may result, in which case, the circulation head 
on @ boiler unit may be tremendously decreased. It is perhaps 
not generally realized that, in a boiler unit furnishing 400,000 
lb of steam per hr, there may be passing through the drum 
from 4,000,000 to 8,000,000 lb of water per hr. 

The second factor which arises in connection with the use of 
high-pressure steam is that of feedwater. Central stations use 
condensate, whereas, steel plants generally use all make-up water. 
This is a very definite difference and one which requires every 
consideration. It may be stated that today feedwater can be 
quite satisfactorily treated for high-pressure steam operations, 
with the one question open, which chemists call by various names, 
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Fie. 10 InTeGRAL-FuRNACE BoILerR FOR Firtnc WiTH PULVERIZED CoAL Buiast-FURNACE Gas; 
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AND TUBE COMPANY 
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but which, fundamentally, is the problem of silica removal. 
Without going into details, it may be stated that the solubility 
of silica is reduced at higher temperatures, so that less concen- 
tration of silica is permissible at high pressures than at low. If, 
therefore, the water available has a natural silica content, scale 
may form at high pressures. Much work has been accomplished 
in silica removal, as evidenced by the results obtained at the 


Baton Rouge plant of Gulf States Utilities. These results were 
presented in a paper by M. C. Schwartz (5). 

New and successful efforts are being made along other lines 
toward the elimination of silica. The Weirton Steel Company 
installation, operating at 850 psi pressure, using Ohio River water 
for feedwater, is evidence of successful operation at that pressure 
with practically 100 per cent make-up water. This installation 
is well described in a paper by H. G. Strassburger (6). 

Priming, which might be accelerated by feedwater conditions, 
has been practically eliminated by the cyclones previously de- 
scribed. Where they are used, water at full density is maintained 
in the drum. 

The third factor is one of mechanics. Fig. 5 shows a high- 
pressure welded drum in course of construction. There are no 
unsolved mechanical problems involved in meeting the require- 
ments in equipment for using high-pressure steam. So long as 
steelmakers can make good steel of 70,000 psi tensile strength, 
boilermakers will make satisfactory boilers for any pressure 
which may be required. There is little difference, if any, in the 
reliability of the construction of a 1500-psi boiler and one built 
for 150 psi. 

The fourth point which sometimes is cited in connection with 
high pressures is possible operating difficulties. In regard to 
this, the final paragraph of Mr. Cutler’s paper (1) of 1931, is 
quoted: 

“All of the operators were taken from other plants of the 
Tennessee Company, and they had very little if any experience 
with steam pressures over 150 psi, superheaters, turbines, con- 
densers, pulverized coal, or automatic combustion control; 
however, the operating difficulties encountered have been but 
nominal.” 


PROBLEMS ENCOUNTERED IN RaIsING STEAM TEMPERATURES 
The increase of steam temperature from 650 to 850 F in steel 
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plants, and to 950 F in central stations, required the solution of 
three problems: 

1 In selecting materials for superheated steam, carbon steels 
were unsatisfactory, due to oxidation and low creep strength. 
Partly as a result of the pioneer work done in the oil industry 
alloy metals have been developed, so that today eleven different 
chromium alloys are available for tubes, the chromium content 
ranging from 1 to 27 per cent. Therefore, materials are obtain- 
able which are fully capable of meeting present-day require- 
ments from the standpoint of both oxidation and strength. 

2 As for tightness, the rolled joint has maintained its position 
with the increase in pressure, but has been found deficient with 
increase in temperature. Fortunately, welding was developed 
as required and, through its use, high-temperature construction 
gives less trouble from leakage than was common with construc- 
tions employed with lower temperatures. To permit the com- 
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mercial application of welding to superheaters, material changes 
in their construction have been developed. 

3 In conjunction with high pressure, Table 2, high steam tem- 
perature has changed the percentage of total heat required for 
superheat to such an extent as to have brought about new designs 
of boilers. The necessity of maintaining constant superheat over 
a considerable range in rating has accentuated this condition. 


PRESENT-Day FURNACE PRACTICE 


With’ blast-furnace gas (particularly if clean and hot), few 
problems exist in present-day furnaces with properly designed 
burners, unless perhaps at low ratings with too cold a furnace. 
The reasons for this are that the flame temperature with this fuel 
is so low as to cause negligible slagging under any rates of com- 
bustion contemplated; and, since pulverized-fuel firing in the 
same furnace is required in steel mills, the limitations set by this 
latter fuel determine furnace design. 

What, then, are the limitations of pulverized-fuel furnaces? 
As stated earlier, Btu per cubic foot is not the limitation, and for 
the reason that this expression means only the amount of fuel 
burned in a given space in a given time. The industry is still in 
the elementary class on this particular problem. This term has 
been used by many as an expression of limitation of furnace 
capacity; and, in some cases, this has been approximately correct, 
but only because other things happened to occur in proportion. 
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Fig. 14 Open-Pass Borter 1n Service aT West Enp Unton Gas & Exvectric Company, CINCINNATI 


The real limitation of pulverized-fuel furnaces is slag—nothing 
else. ‘Two methods are available to overcome this difficulty; 
(a) The elimination of the slag in the furnace gases or, (b) the 
reduction of the temperature of gases leaving the furnace. 

While not accomplishing the first result completely, real 
progress has been made with slag-tap furnaces, from which 50 
per cent of the ash in the coal may be removed in molten form. 

The second method is to cool the gases to a temperature below 
the ash-fusion temperature before they leave the furnace. To 
do this requires a certain amount of cooling surface around the 
furnace and, hence, this result is measured by the expression, 
“Btu available per square foot of cooling surface.”” This sounds 


like a simple remedy, but it is perhaps not so simple. The 
boundary surface of a cube increases as the square of its dimension, 
while the volume increases as the cube; hence, with large-size 
units it becomes difficult to obtain sufficient surface without 
excessive volume. Again, if furnaces are made too cold, combus- 
tion rates decrease, and certain lighting and low-rating problems 
are encountered. Finally, with high superheat and high pres- 
sure, particularly with constant superheat maintained at low 
ratings, a definitely low limit of gas temperature exists, below 
which it is impractical commercially to obtain the superheat 
required, 

In furnaces which have been installed by the author’s company, 


j 

St 

ats 

| 

he 

te 
1 

3 

are 

‘ 


KERR—STEAM GENERATION IN STEEL MILLS 


progress has been made by combining the two principles dis- 
cussed, as will be noted from the illustrations of various units, 
representing boilers of comparatively recent construction. 


Buast-FuRNACE BorLerR INSTALLATIONS 


Fig. 6 shows a four-drum Stirling boiler, installed at Fairfield 
in 1932. This unit was designed for 300,000 lb of steam per hr 
with coal, and 200,000 lb per hr with blast-furnace gas. It is 
similar to the units described in Mr. Cutler’s paper (1), but has 
two additional features; i.e., complete water cooling of the 
furnace, and a combination of coal and blast-furnace-gas burners, 
as shown in Fig. 7. This system has proved quite successful in 
combination firing. The capacities mentioned for both fuels have 
been exceeded. 

Fig. 8 shows a unit installed at the same time as the new strip 
mill at the Eliza furnace of the Jones & Loughlin Steel Com- 
pany, for a maximum capacity of 400,000 lb of steam per hr at 
500 psi pressure. Fig. 8 is shown’ particularly for two reasons; 
i.e., it illustrates a gas by-pass around the superheater for the 
purpose of obtaining constant superheat at various ratings; and 
because this unit exemplifies what can be done to handle suc- 
cessfully the extremely variable load so often met with in steel- 
plant operations. 

Fig. 9 is a steam chart from the unit, Fig. 8; variations in 
steam flow from 200,000 to 400,000 lb per hr will be noted. 

This unit was installed in the same powerhouse as four exist- 
ing boilers which were carrying as much of the swing in load as 
they could successfully handle. The new unit was required to 
accommodate the type of swings shown by the chart, Fig. 9. 
This was accomplished by installing, in the steam line of this 
boiler, a butterfly valve which opens wide as the load demand 
increases, thus obtaining the required steam flow which, in many 
cases, increases at too fast a rate to be obtained by change in 
fuel rate. 

Fig. 10 is a sectional view of an integral furnace boiler unit in 
course of construction for the Youngstown Sheet & Tube Com- 
pany, Chicago. Two such units have been in service for some 
time using pulverized fuel alone. This unit is to be fired with 
both pulverized coal and blast-furnace gas, at a maximum ca- 
pacity of 170,000 lb of steam per hr and a steam pressure of 825 
psi. 
Fig. 11 shows a side view of the units at the Weirton Steel 
Company, which were described by J. H. Strassburger (6). 
This is a typical application of a slag-tap furnace to a four-drum 
Stirling boiler. These units, operating at 850 psi, 850 F steam 
temperature, and at a maximum capacity of 400,000 lb per hr, 
are showing highly reliable operating results. Another unit of 
the same type now being installed will combine both blast-fur- 
nace-gas and pulverized-coal firing. 

Fig. 12 illustrates two units in service at the Rivesville Station 
of the Monongahela & West Penn Power Company. These units 
were designed for 350,000 lb of steam per hr at 1250 psi, and have 
operated at materially greater capacities. As shown by the il- 
lustration, the furnace is of the two-stage slag-tap type, designed 
for burning coal containing ash of 2100 F fusion temperature. 
The heat release at full load in the entire furnace is 40,000 
Btu per cu ft. The heat release in Btu per sq ft of equivalent 
cold surface is approximately 150,000. 

Fig. 13 shows a side elevation of the radiant-heat boilers operat- 
ing at the Essex Station of the Public Service Company of New 
Jersey. They are designed for a pressure of 1475 psi and a 
steam temperature of 950 F, with a capacity of 600,000 lb of 
steam per hr. These units also have two-stage slag-tap furnaces. 
This design permits the combination of a high-temperature 
primary furnace, wherein are obtained high rates of combustion 
per cubic foot and a high value of heat available per square foot 
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Fig. 15 Open-Pass Borter To Operate aT 2600 Pst Pressure; 
Twin Braxce Station, AMERICAN Gas & ELEcTRIC ComPANY 


of surface, and a secondary furnace, furnishing a high cooling 
factor for the gases, which have already shed a considerable per- 
centage of the ash in the fuel. 

Fig. 14 is a side elevation of one of the units in operation at the 
West End Station of the Union Gas & Electric Company, Cin- 
cinnati. They were designed to fit into an existing building, and 
have a maximum steam production of 350,000 lb per hr at 1275 
psi pressure and 910 F steam temperature. The primary furnace 
is of the same general type as that shown in previous illustrations 
and from which slag is tapped continuously through the center 
of the floor into a sluice tank. The release in the primary furnace 
is of the order of 82,000 Btu per cu ft. 

To the rear of the primary furnace are two gas passages sur- 
rounded by partially studded tubes, providing for a gas travel 
of about 70 ft between the burners and the heating surface of 
the superheater and economizer. With this construction, a 
further step was made in the effort to obtain high furnace tem- 
perature for high combustion efficiency and the removal of a 
greater percentage of ash in the primary furnace. By the com- 
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plete shielding of radiation from the primary furnace to the 
heating surface of the boiler proper, and by increasing the con- 
vection-transfer rate of the boundary tubes in the latter stages of 
the furnace, a lower temperature leaving the furnace is obtained. 
With this arrangement, the combustion rate up to the convection 
surface is approximately 40,000 Btu per cu ft. The Btu per sq 
ft of cold surface is 110,000. 

Fig. 15 is a side elevation of the boiler now being installed 
at the Twin Branch Station of the American Gas & Electric 
Company, to operate at 2600 psi, 940 F steam temperature, and 
at a capacity of 550,000 lb of steam per hr. It is to be noted 
that the general form of this unit, which is for operation at the 
highest pressure for which natural-circulation boilers have been 
built, follows the same general design as the units which are 
shown in Fig. 14. 
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Discussior 


F. E. Norton.‘ In the following discussion it will be assumed 
that the steel mill includes blast furnaces and other sources of so- 
called waste fuels. 

The paper illustrates eight boilers of which four are suitable 
for general steel-mill practice, utilizing coal or gas fuel, or a com- 
bination of fuels. The other four types are not, in general, 
suited to gas fuel or combined fuels. 

In the paper, considerabie emphasis is placed on the rate of 
heat release in boiler furnaces as it affects slag formation and con- 
sequent loss of efficiency. The author states: ‘The real limita- 
tion of pulverized-fuel furnaces is slag—nothing else.” The 
writer agrees with this statement but would add that, for blast- 
furnace gas, the limitation is “‘mud”’ from the flue dust and ash 
in wet-washed gas. 

The furnace gas may bring 0.03 to 0.05 grain of dirt per cu ft 
into the boiler furnace, but the effect on operation and efficiency 
depends upon whether or not the gas is wet or dry and upon the 
nature of the dust. The real criterion is not the Btu realized by 
the combustion of wet or dry gas, but lies in the effective use of 
the heat in making steam (i.e., dirty boilers versus clean boilers). 

There is disagreement among operators of blast-furnace plants 
as to the relative merits of dry or wet gas in boilers. The dis- 
agreement may be due to the reaction of the blast-furnace de- 
partment as to stove gas. Modern stoves require clean gas, and 
wet primary washing is the rule, while secondary wet electric 
precipitators are coming into general use for stove gas. 

It is quite usual to wet-wash all the furnace gas and to divert a 
portion through precipitators for the stoves. This leaves the 
boilerhouse with wet gas, which quite often is very dirty and 
worse than the dry gas. The resulting effect on boiler steam 
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production is very bad, especially if there are shots of dry dirty 
gas, as is often the case. The presence of any coal ash makes the 
condition yet worse. The mud deposits on boiler tubes and 
burners and soot blowers are incapable of removing it. Since 
the blast furnace, quite often, is given credit for the full coal 
equivalent of the gas, boiler troubles do not directly affect the 
furnace costs; indirectly, however, steam costs go up for blowing 
the furnace. 

A further discussion of waste-gas fuel for boilers will bring out 
some essential features of boiler design and seems justified in 
view of the unsatisfactory performance of a number of plants 
using partially cleaned wet gas. 

The use of dry dirty gas at stoves is not advisable but such 
gas may be used at the boilerhouse. 

It is quite apparent that a satisfactory gas supply at stoves 
may not assure good results at boilers. 

Of course, the obvious procedure would be to clean all the fur- 
nace gas with precipitators, ‘at a very considerable investment 
cost. The dry gas would be cheaper. The alternative is to use 
dry dirty gas at boilers and wet-washed and precipitated gas at 
stoves. 

An example of the use of dry dirty gas in two boilers, each 
rated at 165,000 lb of steam per hr, appears in a current article.® 
A third boiler is being installed at the Sydney (Nova Scotia) 
plant of the Dominion Steel and Coal Company. An efficiency 
of 80 per cent for the gas is reported. The performance of the 
first two boilers has been satisfactory. The writer’s remarks are 
prompted by a comparison of these with similar boilers using 
wet-washed gas which are not at all satisfactory because of dirty 
gas. 

The difficulties experienced with mud have several aspects. 
It is not likely that the operators will agree when experience at 
several plants is compared. For instance, the writer is familiar 
with a boiler plant in which dry fly ash from coke breeze is used 
to remove the deposit on tubes. The boiler output is satisfactory 
using wet gas. 

Pulverized coal may or may not be effective in removing such 
deposits. If the coal is coarsely pulverized, and partly burned, 
the result may be a tar, flue-dust, coal-ash compound, which 
looks like slag and is difficult to remove from the boiler. Cir- 
cumstances alter the effect. 

The difficulty with wet gas is that the mud deposited from a 
rush of dirty gas will remain on the tubes for a long time. The 
gas may be perfectly clean for hours, but a few minutes of dirty 
gas will cut down boiler output for days. This aspect of the 
dirt problem leads to the statement that dry dirty gas is to be 
preferred to wet gas with more than say 0.05 grain of dirt per cu 
ft. This requires virtually perfect washing and precipitation; 
furnace slips or accidental gusts of dirty gas must be eliminated. 

If dry dirty gas is to be used,,it is essential that the boiler and 
furnace be arranged so that soot blowers can clean the tubes 
effectively and the dust can be removed from the furnace without 
loss of service or undue labor. 

It is surprising that so few modern boiler plants are arranged to 
use dry gas. Boiler manufacturers should properly be interested 
in dust removal by mechanical means. The amount of money 
involved may be very large as illustrated by the following example 
which might hold for a plant with four blast furnaces. 

Suppose a total of 1500 tons per day of coal equivalent is to be 
used in a boiler; say, 1000 tons by furnace gas and 500 tons by 
actual coal. The efficiency of the boilers with wet-washed dirty 
gas may fall to 60 per cent. With clean gas the efficiency may 
be 80 per cent. The amount of steam made by the clean gas 
would be !/; greater than with the same amount of dirty gas. 

5 **Hot-Blast Gas for Dominion Steel,’’ by W. 8. Wilson, Power, 
vol. 84, 1940 p. 733 
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The dirty boilers cannot give good results on coal and the ef- 
ficiency of the entire plant would be lowered. The loss would all 
come on coal and would amount to 375 tons of coal per day for 
the same steam output. 

With coal at $2.50 per ton, this amounts to $937.50 per day. 
Should the efficiency of dirty boilers be 65 per cent and the fuel 
consumption remain at 1500 tons per day, the loss would be 281 
tons at $2.50 or say $702.50, as compared with clean boilers for 
the same amount of fuel. These figures are assumed from actual 
experience but are not taken from any actual records and do not 
represent actual operating data. 

In such a plant, the loss of $700 per day amounts to $21,000 
per month, as a result of using wet dirty gas. Per year, the loss 
may be $250,000. For this reason, the boiler design should con- 
template the use of dry gas, unless capital is available for pre- 
cipitators. 

In view of such facts, it is difficult to understand why so few 
plants use dry dirty gas at boilers and even more so why plants 
use a mixture of dirty wet gas and dry gas. The boilers usually 
get the blame for poor efficiency and, in some cases, large invest- 
ments have been made for economizers, air heaters, and other ex- 
pensive devices to raise the efficiency, while the dirty gas wipes 
out all gain and adds the cost of primary washing. 

In some cases the loss by poor efficiency may result in an in- 
crease of purchased power. If 1400 kw can be generated per ton 
of coal, which if purchased may cost Leent per kwhr, the equivalent 
coal cost would be $14 per ton. The actual figure may be as low 
as $7 per ton of coal, depending upon circumstances and upon 
power schedules. 

It will be noted that boilers for dry dirty gas must be arranged 
for easy removal of dust. The proper arrangement of gas and 
coal burners is also of great importance and may have a bearing 
on the flue-dust problem. The air for combustion of furnace gas 
can be kept in contact with fuel until combustion is complete and 
20 to 22 per cent of CO, may be reached in the burned gas. 

On the other hand, the coal does not readily carry the air for 
combustion along with the flame. The products of coal combus- 
tion may be 14 to 18 per cent CO, and, if coal is discharged into 
an atmosphere of burned furnace gas, the combustion may be 
delayed or even stopped by the 22 per cent CO, atmosphere. 

In this connection, Fig. 6 of the paper (Fairfield boiler) is of 
interest, as showing the coal burner pointed down. In this case 
the coal flame should separate from the gas flame. The boilers 
at Sydney, Nova Scotia, have similar coal burners. 

The writer recalls an early application of pulverized coal to 
waste-gas boilers at another plant in Birmingham which gave 
great difficulty in starting the coal burners. These were placed 
in the roof of the furnace so that the flame was compelled to mix 
with burned furnace gas. The result was a very dirty furnace. 

Fig. 10 of the paper shows parallel coal-and-gas firing with in- 
tertube nonturbulent gas burners. This boiler is not designed 
for normal use of coal. It would be well suited to the use of un- 
washed dry gas. The use of a desuperheater in the boiler cir- 
culation system is also to be noted. 

The operation of waste-furnace-gas boilers apparently is a 
simple problem and casual inspection of such a plant would seem 
to confirm this: With perfectly clean gas and a steady load, 
corresponding to tte amount of steam the gas can make, it is 
simple so long as the boilers are clean. 

When a widely varying load must be carried with a constant 
supply of gas, it is evident that the fluctuations must be carried 
on coal or other fuel. The problem of regulation becomes seri- 
ous if combined coal-and-gas firing is used. The cases the writer 
has in mind involve a swing of say 30 to 60 per cent of maximum 
capacity of the coal-fired boiler; the period of swing may be 1'/, 
min or less. It will be realized that rapid fuel and draft control 
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must be provided to meet the load conditions. An airtight fur- 
nace is demanded, since a leaky furnace means excessive loss at 
the stack, unless the fans and dampers give balanced furnace 
pressure. For this reason the coal should be burned on boilers 
which are adapted to coal and widely swinging loads. The base 
load could be carried by gas in order to obtain full output from 
the boiler. 

A comparison of designs in use leads to the conclusion that 
practice has not been crystallized into standards which might be 
expected in view of the large number of installations and the 
amount of money involved in fuel costs. 

The $250,000 differential mentioned would seem to warrant 
careful consideration of the conditions at the boilers when the 
gas-supply system is being laid out. The requirements of the 
stoves should not be the sole factor in final Gesign. 


J. H. Srrasspurcer.® Since July, 1936, The Weirton Steel 
Company has been operating two boilers, each having a capacity 
of 400,000 Ib of steam per hr at 850 psi working pressure and 
820 F total temperature. These boilers have been supplying 
steam to a 10,000-kw topping-turbine generator as well as steam 
through a reducing plant for general power and process use. 
Operating experience with this boiler equipment has been highly 
satisfactory. The actual handling of boilers at this pressure has 
been no more difficult for our personnel than the handling of 
boilers at lower pressures. 

During the period mentioned, these boilers have been supplied 
with feedwater conditioned by the hot-process system, utilizing 
100 per cent raw water to the softening plant. During the first 
2 years of operation, these boilers had an availability of 89 per 
cent, during the next 1'/: years the availability averaged 91 per 
cent and, during the year 1940, these boilers will have had an 
availability of 96 per cent. During the last 4 years every shut- 
down on each of these boilers has been a scheduled one for the 
purpose of periodic inspection and cleanup. 

We are now completing the installation of a third boiler and a 
second generator. The third boiler is for the purpose of replac- 
ing low-pressure equipment which has completed its useful life. 
From our experience with this installation, we would not hesitate 
to operate one generator on one boiler. 

We have experienced no difficulty in the operation of the top- 
ping generator. The 10,000-kw machine is loaded so that month 
in and month out it produces approximately 11,000 kw for every 
hour of the month, with peaks up to 13,000 kw depending upon 
back-pressure conditions. The availability of this generator, 
based on an inspection every 2 years and on washing out periodi- 
cally every 3 months, amounts to 98 per cent. 

We believe that in the next few years an extended use of high- 
pressure boilers with companion generating equipment will be 
widely adopted by the steel industry, and should create large 
savings with no serious operating difficulties. 


kK. J. Kon.’ Mr. Kerr has presented an interesting paper 
which has a particular appeal to the writer because he sets forth 
the advantages of high-pressure steam as applied to a local plant. 

Referring to the unit “kw per ton of product from surplus 
blast-furnace gas” as shown in Mr. Kerr’s article, Table 1, the 
writer refers to Mr. Cutler’s article,’ which presents an over-all 
comparison typical of 1922 and 1930, including blast furnaces, 
blast-furnace stoves, boilers, and steam users. The net result is 
an increase for the 1930 period in the steam available for electric 
generation. 


* Combustion Engineer, The Weirton Steel Co., Weirton, W. Va. 

7 Chief, Bureau of Steam Engineering, Tennessee Coal, Iron and 
Railroad Company, Ensley, Ala. Mem. A.S.M.E. 

’ See reference 1 of Bibliography to paper. 
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Extending this comparison, Mr. Kerr justly emphasizes the 
advantages resulting from more efficient boiler design and opera- 
tions, but fails to take into account the improvements incident 
to blast-furnace operation. 

When one considers the improvements of blast-furnace prac- 
tice, namely, ore conditioning, sintering, and possible air condi- 
tioning of blast, a lower coke rate per ton of iron would be in 
effect, which in turn would give a lower “heat in top gas.” The 
net result would be less fuel per ton of iron available to the boilers 
which would materially lower the “kw per ton of product.’”’” Mr. 
Kerr’s subject “Steam Generation in Steel Mills” would show up 
adversely if he considers improvements in blast-furnace practice 
and adheres to the unit “kw per ton of product from surplus gas.”’ 

For comparative results, conforming to the subject, Mr. Kerr 
should limit his comparison to the boilers and assume the heat to 
be the same in all cases. Mr. Kerr gives four reasons why steel 
men hesitate in the use of high-pressure steam: (1) circulation, 
(2) feedwater, (3) mechanics, (4) possible operating difficulties. 
As pointed out by Mr. Kerr, these problems have been overcome 
so we must look further for a possible reason for the hesitation. 

Under feedwater, Mr. Kerr calls attention to the fact that cen- 
tral stations use condensate whereas steel plants generally use 
make-up water for boiler feed. From the latter one would infer 
that the steam was being used for mill operation. Relatively low- 
pressure steam, 200 lb and under, is required in the ordinary 
steel-plant operation, which of course, precludes the economical 
generation of steam at the relatively high-pressure range. 

On the other hand if the steam is used for turboblower opera- 
tion and electric-power generation, any refinement that could be 
economically applied to central stations could be applied in the 
same measure to steel plants. As evidence Mr. Kerr calls atten- 
tion to the use of steam up to 900 lb in some steel plants. The 
entire question is one of economic balence between the cost of 
equipment installed as compared with the operating expense. 
Locally the relatively low cost of fuel would be largely a deter- 
mining factor. 

In brief the steel plants like the central stations will take the 
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advantages to be derived from high steam pressure when it is 
economically possible to do so. 


AvuTHOR’s CLOSURE 


The author appreciates the discussions, as they have added 
value to the paper. 

Mr. Kohn has brought out the effect of improvements in blast- 
furnace operation and the cost of fuel on the general economic 
problem of steam generation in steel mills. It would be very 
difficult to cover the many variations in blast-furnace operation 
in a paper of this sort and, therefore, the author took as a base 
the blast-furnace data as furnished in Mr. Cutler’s paper of 1932. 

Undoubtedly the cost of fuel will appreciably affect the steam 
pressure and temperature conditions for most economical opera- 
tion at any plant. 

Mr. Strassburger has been good enough to give the actual 
experience which he has had over the last four years and 
which demonstrates the reliability of 850 lb pressure, 850 deg 
steam operation in steel-mill practice with 100 per cent make-up 
water. 

Mr. Norton’s discussion is a timely one as it brings out the 
problem which many of us have had to face when burning washed 
blast-furnace gas, namely, the tenacious scale formation on the 
boiler tubes. The steady increase in stack temperature when 
burning washed gas has made it necessary periodically to wash 
boilers on the outside as soot blowers will not remove this type 
of scale. Some experience indicates that periodic burning of 
pulverized coal in the same unit minimizes this trouble, as appar- 
ently the fine ash in the flue gas has sufficient abrasive effect to 
cut down this scale. With dirty gas the problem is the handling 
of large quantities of dirt in the unit and induced-draft fans. 
However, with dirty gas the stack temperature does not ma- 
terially increase with reasonable use of soot blowers. 

As indicated in the paper, the proper cleaning of blast-furnace 
gas results in long periods of operation of steam-generating units 
at maximum efficiency, and hence the desirability of such prepa- 
ration of the gas where economically possible. 
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Coal Resources of Washington 


By JOSEPH DANIELS,' SEATTLE, WASH. 


Coal is the principal mineral fuel resource of Washing- 
ton, overshadowed at the present time by the water-power 
developments at Bonneville and Grand Coulee. No pe- 
troleum is produced commercially, but there is a small 
production of natural gas. Wood, forest and mill, ob- 
tained largely as waste products of the lumber industry, 
is used extensively for heat, power, and industrial pur- 
poses. This paper discusses the location of coal regions, 
the characteristics of Washington coals, mining opera- 
tions, transportation, cost of coal, and other factors, 
giving a comprehensive idea of the production and use of 
this fuel in the Pacific Northwest. 


for its water power. They have heard of its scenery, its 

timber, excellent harbors, fishing, and possibly something 
of its metallic- and industrial-mineral resources. The fuel re- 
sources are not so well known or understood. Facts concerning 
these resources, with particular reference to Washington coals, 
will, therefore, be presented in this paper 


TT MANY engineers the State of Washington is best known 


FuELs OTHER THAN 


In the State of Washington, no petroleum has been produced 
commercially, although much prospecting, mainly of the wildcat 
variety, has been conducted in various parts of the state. How- 
ever, to date the results have been negative. A pipe line into 
Spokane from Montana and tanker transportation from Cali- 
fornia ports to tidewater points deliver the various fuel oils re- 
quired to strategic distributing centers. California fuel-oil 
shipments into Washington averaged slightly over 9,000,000 bbl 
annually from 1930 to 1938. 

A small production of natural gas, predominantly methane, 
of approximately 900-Btu value is obtained from a series of shal- 
low wells in the Rattlesnake Hills field of Benton County, 18 
miles northeast of Prosser. Distribution began in 1929; the gas 
is sold in seven cities in the Yakima Valley. The reported pro- 
duction in 1938 was 121,000,000 cu ft, of which 111,000,000 were 
sold. The natural gas has been mixed with butane-air gas before 
distribution. It does not appear that natural gas from outside 
sources can be economically piped and distributed through the 
state, although the matter has been discussed and some plans 
were once projected for lines from out-of-state fields. Brief men- 
tion should be made here that manufactured and liquefied pe- 
troleum gases are available to consumers in 29 cities other than 
those served by natural gas. 

Forest wood and waste in the form of millwood, slabs, edgings, 
sawdust, and hogged fuel must be listed in any inventory of fuel 
resources. The exact volume or tonnage used is not known, but 
it plays an important part in supplying heat and power in domes- 
tic and industrial uses everywhere throughout the state. The 
availability and relatively low price make wood, particularly 
sawdust and hogged fuel, a very attractive fuel to many con- 
sumers, especially in western Washington. 


1 Professor of Mining Engineering and Metallurgy, University of 
Washington. 

Contributed by the Fuels Division and presented at the Fall 
Meeting, Spokane, Wash., September 3—6, 1940, of THz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


LocaTION OF CoAL REGIONS 


Topographically the state can be partitioned into five divi- 
sions, represented by the Olympic Mountains or Coast Range on 
the west, the Puget Sound Basin, the Cascade Range, the Okano- 
gan Highlands of northeastern Washington, and the Columbia 
Plateau area, making up the greater portion of the eastern and 
southeastern part of the state. The economically significant coal 
region lies along the western flank of the Cascades from. the 
Canadian boundary on the north to the Columbia River on the 
south in Whatcom, Skagit, Snohomish, King, Pierce, Thurston, 
Lewis, and Cowlitz Counties, and on the eastern slope in a limited, 
although important, outlier in Kittitas County. This major 
coal region is served by four railroad systems, is close to water 
transportation, and is tributary to an excellent system of roads 
and highways which permits truck delivery to practically every 
part of the state. Most of the deposits lie within a radius of 100 
miles of Seattle. 

The United States Geological Survey, using certain measuring 
sticks, estimated the content of coal in 1917, and again in 1925, 
and reported a total of 63,877,000,000 tons of coal. Similar esti- 
mates were made for other portions of the country. For purposes 
of comparison with other districts on the Pacific Coast, a summary 
of the resources of Alaska, British Columbia, Oregon, and Cali- 
fornia is presented in Table 1. 


TABLE 1 SUMMARY OF ESTIMATED RESOURCES OF COAL ON 


PACIFIC COAST 
(Millions of tons) 


Geographical division and rank of coal Actual 
reserve Probable 
ALASKA? Metric tons reserve 
Anthracite and semianthracite............ 
Semibituminous and bituminous.......... 
Britis CoLtumsta? Metric tons Metric tons 
Anthracite and semianthracite............ 7 1343 
Subbituminous or lignite..... 60 5136 
1800 
WASHINGTON) Net tons 
Anthracite and semianthracite............ 23 
Net tons 
CALIFORNIA} Net tons 


@ Refer to Bibliography (1).? 
6 Refer to Bibliography (2). 


All of these estimates have been questioned because they were 
based on interpretations of broad geological structures, in some 
cases on inadequate data, and because they did not consider the 
limitations imposed by operating and economic factors which 
govern the workability of deposits. In a broad way, however, 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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since the same yardstick was used everywhere, the estimates give 
a relative or comparative picture of the magnitude of the re- 
sources. The figures appear to indicate that Washington origi- 
nally contained the largest resource of tonnage in the Pacific Coast 
strip. Using actual reserve tonnages as a basis, Washington had 
56.4 per cent of the total, British Columbia 21 per cent, Alaska 
13.7 per cent, Oregon 8.8 per cent, and California 0.1 per cent. 
The significant position of Washington with respect to future 
supplies of solid fuel is indicated by this analysis. The figures 
quoted, however, cannot be used for estimating present commer- 
cial reserves or probable life of the various fields or districts within 
the major areas. 


Coat MINING IN WASHINGTON 


Coal mining began in the state about 1850; shipments to ad- 
jacent territory were reported in 1860. No records of production 
are available before 1860, but since that date figures of produc- 
tion are well known. Production to the end of 1938 was 126,- 
677,000 tons. Maximum output began shortly after 1900 and 
was maintained over a period of years until 1920, The produc- 
tion in 1910 was 3,911,899 tons; in 1915, it was 4,082,212 tons; 
the low point occurred in 1934, when only 1,382,991 tons were 
mined. Annual tonnages have been relatively small; the decline 
has been due mainly to slow growth of population and industry, 
increased efficiency of utilization, growing competition with 
liquid and gaseous fuel, and the development of hydroelectricity 
as a substitute for heat and power formerly supplied by coal. 

Geologically, the coals of Washington are relatively young, 
that is, they are found in the Eocene formations of the Tertiary 
period. However, one important fact must be noted, i.e., dy- 
namochemical forces were active during later parts of recent 
geologic time with the result that all ranks of coal from lignite to 
anthracite were produced in the state. A distinct relationship 
exists between the degree of metamorphism of the Eocene sedi- 
mentaries and the rank of coal; thus, for example, the higher- 
rank coals are found near the Cascade Range and, away from this 
area of deformation, the coals show complete gradations to lig- 
nites. This relationship of rank and structure has been an im- 
portant factor in the development and operation of mines and in 
the preparation of coal for market. 

The principal resource is subbituminous in rank; bituminous, 
both coking and free-burning, constitutes the next major propor- 
tion; lignitic and anthracitic coals a relatively small proportion 
of the total. The coking coals constitute an important asset in 
connection with their utilization for metallurgical uses. The 
greater part of the production, 77 per cent, has been bituminous 
coal; subbituminous is second with 23 per cent; lignitic coals 

. have been insignificant; and anthracitic coals have not yet been 
produced in commercial quantities. 

Mining conditions in the state are in general complex. Very 
few seams of gentle dip are mined, most operations are conducted 
on steep dips, mechanization is limited to a few operating proper- 
ties, and hand methods predominate. Cost of mining conse- 
quently is high, and a large proportion of the output, 66 per cent 


County and 
district Designation and size,? in. Preparation 
' Stoker, 5/s sh — 5/16 sh Washed 
ing 
Steam, —1 sh Washed 
Cumberland........... Steam, —7/s sh Washed 
Buckwheat, sh Washed 
Kittitas Steam, —15/s rh Washed and dried 
team, —5 bar w 
Stoker, 13/4 sh Washed 


48h = square-hule screen; rh = round-hole screen; bar = bar screen. 
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TABLE 2. TYPICAL ANALYSES OF TIPPLE SAMPLES OF WASHINGTON COALS 
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in 1936, must be washed before shipment. Seventy mines were in 
operation in 1937, with a total output of 2,018,036 tons, valued at 
$6,402,968; the number of men employed was 2934. Days 
worked during the year were 202. Kittitas County was the 
largest producer followed by King, Whatcom, and Pierce. 

It is not possible here to give many analyses or extended data 
on properties of coals. A few typical examples from each of the 
producing counties are submitted in Table 2. Accurate data 
giving analyses of face samples and delivered coals, softening 
temperatures of ash, agglutinating and slacking values, and other 
related data are contained in a Bureau of Mines report (3) and a 
supplement to that report. The engineer interested in the utiliza- 
tion of Washington coals will find these two publications timely 
and authentic. 


MopkEs oF TRANSPORTATION 


The coal produced in the north-central and in the western part 
of the state, reaches all parts of the state by four transcontinental 
railroad lines or their branches. Western Washington coal is 
trucked extensively in the Puget Sound and southwestern dis- 
tricts; a small tonnage of coal from the Roslyn field moves 
easterly by truck but the main movement is by rail; some coal is 
handled by tidewater transportation from Seattle, Tacoma, and 
Bellingham. The principal distribution area is within the state; 
there is a small interstate movement to Alaska, Idaho, and 
Oregon; and some export trade to British Columbia and Pacific 
Ocean points. The truck movement of coal amounted to 25.5 
per cent of the tonnage produced in 1938. Storage of coal be- 
cause of seasonal and transportation difficulties is unnecessary, 
and all the important population centers can easily be served 
directly from the mines. 


UTILIZATION OF WASHINGTON CoaALs 


Washington coals enter into every field of use and activity in 
raw, briquetted, pulverized, and carbonized forms. Household 
heating, steam generation, locomotive and steamship fuel, copper 
smelting, magnesite burning, and ceramic firing represent direct 
uses either in hand, mechanical-stoker, or pulverized-firing 
methods. Coal has been used to manufacture coke in bench, 
beehive, and by-product ovens, also in the various coal-gas, 
producer-gas, and water-gas processes. Briquettes are used in 
domestic and industrial firing and occasionally for orchard-hext- 
ing purposes. The coal can be used as a reducing agent or us 
raw material in some chemical and metallurgical processes. 
Washington coke has been used in metallurgical plants, in found- 
ries, in sugar refineries, in producer- and water-gas production, and 
in domestic heating. In short, some type of local product has 
been found suitable for coal utilization in its many fields and 
applications. 

In 1938, the output was utilized as shown in Table 3. Al- 
though the demand for coal for some uses, namely, manufac- 
tured-gas plants, cement mills, smelters, miscellaneous industri:! 
plants, and commercial and domestic heating, shows an increase 
over the last decade when expressed as a percentage of state 


————— Moisture-free 


Moisture, Volatile Fixed Ash-softening 
as received, matter, carbon, Ash, Sulphur, temperature 
percent percent percent percent per cent Btu F 
10.5 35.6 45.0 19.4 0.3 11010 2640 
8.9 36.0 48.7 15.3 0.3 11600 2510 
12.8 43.0 52.3 4.7 0.6 13310 2160 
5.4 36.9 45.0 18.1 0.6 12070 2910+ 
14.7 39.9 46.6 13.5 0.6 11790 _ 
3.2 35.9 52.0 12.1 1.0 13530 2280 
4.9 38.4 46.9 14.7 0.3 12710 2370 
3.4 38.4 48.4 12.8 0.4 12890 2600 
19.8 40.4 47.0 12.6 0.7 11360 2420 
22.4 42.8 46.9 10.3 0.6 11600 2390 
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TABLE 3 USES OF COAL, 1927, 1936-19384 
cent 
Use 1927 1926 1937 1938 

Colliery fuel. . 2 1 1 1 
Railroad fuel, including 

shop and station coal 43 41 29 29 
Public - utility central- 

Public-utility steam-elec- ( 4 

tric plants 1 0 
Fuel-briquette plants 3 0 0 0 
Beehive-coke ovens 2 0 0 0 
By-product-coke ovens 3 3 1 0 
Other manufactured-gas 

works, including boiler 

coal 2 2 3 3 
Cement mills Hos 1 11 12 
Smeltere........ 2 2 3 
All other industries 714 6 13 13 
Commercial and domestic 

heating....... 15-23 37 33 32 
Steamship bunkers 1-2 0 0 0 
Foreign exports and ship- 

ments to Alaska 1-2 \ 
Shioments to adjacent 4 1 2 


1 1 
State production, net tons 2,635,0626 1,812,104 2,018,036 —1,572,057¢ 


® Refer to Bibliography (3). 
6 Production reported by Bureau of Mines 
€ Production reported by State Inspector of Coal Mines. 


production, the actual tonnages have decreased. The most 
drastic curtailments in demand have occurred in coal used by 
railroads, briquette plants, coke plants, and steamships. Rail- 
roads and commercial and domestic heating, however, continue 
to be the most important consumer units. 

The production of fuel briquettes began in 1911, and reached 
a maximum in 1917, with an output of 109,177 tons. The total 
reported production 1914 to 1938 amounted to 1,069,302 tons. 
In addition to coal briquettes, petroleum-carbon briquettes, made 
at oil-gas plants in Portland and Seattle, are sold for domestic 
use, and they are also replacing coke and coal in some water-gas 
processes. ‘‘Packaged fuel’? made from outside coals and from 
petroleum coke is being produced and marketed in Spokane. 

Pulverized coal has been used at power plants, smelters, ce- 
ment mills, and miscellaneous industrial establishments since 
1918. The quantity used reached a maximum of 350,000 tons in 
1937; in 1938, sixteen per cent of the output of the state was 
fired in this form. Table 4 shows the consumption in 12 plants 


TABLE 4 POWDERED-COAL CONSUMPTION IN NET TONS BY 
TYPES OF USERS? 


Utilities, 
princi- 
pally 
Cement steam Miscel- 

Year plants Smelters plants laneous Total 
1927 225000 42000 50000 2500 319500 
1928 175000 42000 51500 2000 270590 
1929 167736 45862 52807 2600 269005 
1930 186408 44204 56203 3882 290697 
1931 138643 34842 80984 10898 265367 
1932 59409 26057 80004 10675 176145 
1933 33438 22223 77943 8710 142314 
1934 67882 27454 60350 10266 165952 
1935 60956 43202 56827 8419 169404 
1936 195913 46095 63451 9240 314699 
19237 224562 41837 73069 9709 349177 
1938 140752 45203 58131 9434 253520 


* Refer to Bibliography (3). 


using Washington coal. Slack and buckwheat sizes produced in 
Whatcom, King, and Kittitas Counties supply the greater por- 
tion of this market. 

The degree to which coal mined outside of the state, wood, 
fuel oil, and hydroelectricity affected the distribution and use of 
fuels in 1936 is shown in the analysis given in Table 5. 


Price ScHEDULE FOR CoALs 


Minimum prices for coal have been proposed and recom- 
mended by the Bituminous Coal Commission for various market 
areas in Washington. The entire schedule is too complicated to 
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include in this review; instead, a summary, Table 6, will be 
given of prices of principal industrial sizes for shipment into the 
Seattle market territory. It is necessary to remember that the 
coals from Kittitas and Pierce Counties are bituminous; Thurs- 
ton, Lewis, and Cowlitz Counties are subbituminous of low 
rank; Whatcom County coals are bituminous; and the King 
County coals are divided into the subbituminous, low-ash coals 
of the McKay district, the subbituminous of the Renton dis- 
trict, and the bituminous of the Cumberland district. Market 
prices may be expected to exceed the recommended minimum 
code figures. 


Coats For CoKING PURPOSES 


Washington contains the only important coking-coal resource 
along the Pacifie Coast. California and Oregon possess none, so 
far as present evidence is available; western British Columbia 
has coking coals but not of commercial significance at the present 
time; Alaska contains high-grade resources which are practically 
undeveloped and remote from transportation. Eastern British 
Columbia produces coke which is mainly consumed in the “In- 
land Empire” region of Washington and Idaho. It appears 
certain that attention must be focused on Washington in any 
consideration of future supplies of proved resource of this coal. 

The principal coking coals are found in the Wilkeson-Carbon- 
ado-Fairfax district of the Pierce County field. This area has 
supplied the major production of coking coals and beehive coke. 
Portions of the beds in the Roslyn field of Kittitas County possess 
fair coking properties; and some eastern King County coals have 
fair to good coking qualities which make them potential sources 
for mixing or blending purposes. 

Coke has been produced since 1880, in beehive ovens, and one 
by-product plant in Seattle, primarily operated for gas, produced 
coke from 1914 to 1937. This coke, together with gas-house 
coke, has been used in a wide variety of applications. Its severest 
handicap has been a moderately high percentage of ash, offset to 
a degree by low sulphur content. Some investigation is under 
way to produce better coke by improved preparation of coals and 
by mixing suitable coals of low ash content. The production of 
beehive coke from 1880 to 1937 was 1,€31,319 tons; production 
of by-product coke 1914 to 1937 was 709,429 tons; a grand total 
of 2,340,748 tons. No coke was produced in 1938 and 1939. 

In this brief review an attempt has been made to show that 
Washington possesses large resources of coal of various ranks and 
grades suitable for the needs of modern industry. Many of these 
coals are not of as good quality as coals from eastern mines; 
geologic conditions of deposition were different, with the result 
that the beds contain higher ash and generally are more difficult 
to mine and to clean. However, the fact that they have been 
successfully used for the various needs and demands of consumers 
over nearly a century indicates the fact that they have a place to 
fill in the field of fuel utilization. Many investigations have been 
made of the washability, friability, slacking, and grindability 
properties, and of agglutinating and coking characteristics of 
these coals. These are outside the scope of this paper, but the 
reports are available to the engineer who may wish to secure 
detailed information; a few references are cited in the Bibliog- 
raphy. It appears that the matter of economics of use rather 
than availability and suitability of supply is the determining fac- 
tor from the engineering standpoint. 


Errect oF WATER-PowER DEVELOPMENTs ON UsE or CoAL 


The completion of gigantic programs of water-power develop- 
ment inevitably will curtail the demand for coal used primarily 
as sources of heat and power. Other outlets such as coke and gas 
manufacture, hydrogenation and low-temperature carboniza- 
tion, chemical uses in metallurgical and electrothermal processes 
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TABLE 5 
coal, net tons; 
oil, bbl; 
or 
Fuel electricity, kwhr 


Coal from other states........ 261,000 
Coal from Canada............ 90,000 
Total competing coal....... 351,000 
Washington coal............. 1,812,000 
2,163,000 


3,273,148,000 


@ Refer to Bibliography (3). 
6 Refer to Bibliography (4). 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


COMPETING FUELS AND HYDROELECTRIC POWER, 19364 


Percentage 
Coal or coal Percentage of 

equivalent, of total Washington 

net tons power coal output 
261,000 3.4 14.4 
90,000 1.2 5.0 
351,000 4.6 19.4 
1,812,000 24.0 100.0 
2,163,000 28.6 119.4 
500,0000 6.6 27.6 
2,547,000¢ 33.7 140.6 
2,357,0004 31.1 130.1 
7,567,000 100.0 417.7 


No estimate of the amount of wood fuel used more recently than that 


of 1924 is available; consequently, that figure is used to indicate the approximate magnitude of compe- 


tition from wood in 1936 


¢ A conversion factor of 0.271 ton of coal per bbl of oil was used; this factor is based on a carefully 
estimated average Btu of 11,400 per lb, as-received basis, for Washington coal, and an average Btu of 


147,000 per gal for fuel oil. 


@ A conversion factor of 1.44 lb of coal per kwhr, the average for central stations in the United States 


in 1936, was used. 


TABLE 6 RECOMMENDED PRICE RELATIONSHIP FOR WASHINGTON COALS VIA 
RAIL TRANSPORTATION INTO SEATTLE MARKET AREA 


Thurston, 
Lewis, and 
Size group, Kittitas Pierce Cowlitz 
in. County County Counties 
Mine run 4.00¢ 3.90 2.75 
31/2 X 0 3.75 3.90 2.50 
2x0 3.156 3.65 2.006 
11/4 X 7/8 
1x0 2.95b 1.506 
7/5 X 3/s 
X 0 2.75 2.85 1.00 
3/32 X O 


King 


Whatcom McKay Renton umberland 
County District District District 
3.50 
3.75 3.00-3.25 
3.25 
3.50 
2.90-3.15 
3.00 3.25 
1.50 2.85 1.50 1.75 
1.60 


@ Prices listed shall be increased 25 cents per net ton for washed sizes. 
b Prices listed shall be increased 10 cents per net ton for washed sizes. 


Norte: 
nations are for round-hole screens. 


All prices are net ton, 2000 lb, f.o.b. transportation facilities of the mines. 


All size desig- 


When coal is subjected to any chemical, oil, or waxing process, 


an additional charge of not less than 10 cents per net ton shall be added. 


may in the future offset part of the losses. In any event, the re- 
source of Washington coal appears to be a valuable asset in the 
expected growth of the Pacific Northwest. 
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Discussion 


D.S. Haney.’ The coal industry in the Pacific Northwest is 
fortunate in having a College of Mines at the University of Wash- 
ington, with which is associated such men as the author and to 
whom the industry can go for advice and assistance. Professor 
Daniels has always been most cooperative in anything of a con- 
structive nature affecting the coal-mining business in our state. 

In my opinion, the coal industry of the State of Washington 
has failed to take the steps it should have taken years ago in the 
way of research and an energetic sales campaign not only to retain 
the business it enjoyed but to increase its markets. The inroads 
of fuel oil from California, commencing about the year 1911, have 
resulted in the loss of a substantial part of the coal market. Not- 
withstanding the fact of the large increase in population and in 
industrial activity, the total coal output of the state now is prac- 
tically the same as it was 50 years ago. What was once one of 
the three or four largest industries in the state should not feel 
proud of its apathy in standing idly by and permitting its markets 
to be gradually taken away and absorbed by other fuels. 


3 Vice-President, Pacific Coast Coal Company, Seattle, Wash. 
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Burning Characteristics of Washington Coals 
on Domestic Overteed and Underfeed Stokers 


By H. F. YANCEY,' K. A. JOHNSON,? ano J. B. CORDINER, JR.? 


During the last 350 years, rapid advances have been made 
in the efficiency of fuel utilization in industry, but only 
during the last 10 years has comparable progress been 
realized in domestic heating. The most important advance 
in this field has been the development and wide applica- 
tion of the domestic coal stoker. The use of stokers for 
domestic heating originated in the Pacific Northwest, 
where two types, the underfeed and overfeed stokers are 
common. Elsewhere in the United States, the underfeed 
type predominates for domestic use. Studies‘ were made 
and reported upon in 1938 by the U. S. Bureau of Mines in 
cooperation with the College of Mines of the University of 


HIS paper presents a comparison of the results of burning 
"Tevet of coals, having different physical and chemical 

properties, on an overfeed and on an underfeed stoker. 
The coals were selected to demonstrate the influence of varying 
caking properties and different ash-softening temperatures on 
their performance with the two types of stokers. These two prop- 
erties and size composition probably are the most important in 
affecting the behavior and suitability of coal for domestic-stoker 
burning. Caking is especially important in influencing the per- 
formance of coal on overfeed stokers, but is herewith considered 
for both types. 

Coat Usep 


Five representative Washington coals, ranging in rank from 


1 Supervising Engineer, Northwest Experiment Station, U. S. 
Bureau of Mines, Seattle, Wash. 

2 Assistant Chemist, Northwest Experiment Station, U. S. Bureau 
of Mines, Seattle, Wash. 

3 Research Fellow, University of Washington, Seattle, Wash. 

4 “Burning of Various Coals Continuously and Intermittently on 
a Domestic Overfeed Stoker,” by H. F. Yancey, K. A. Johnson, 
A. A. Lewis, and J. B. Cordiner, Jr., U. 8S. Bureau of Mines, Report 
of Investigations 3379, 1938. 

Contributed by the Fuels Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of THz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and optnions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Washington on the subject of burning Washington coals 
on overfeed domestic stokers. Results were given of 25 
combustion trials. Since then, the authors have con- 
ducted additional tests to include Washington and Oregon 
coals using both overfeed and underfeed stokers. This 
paper® describes the burning characteristics of caking and 
noncaking coals when fired on domestic stokers of both 
types installed successively in the same hot-water boiler. 
The results of burning trials with five coals selected from 
available data show the influence of variations in caking 
properties and ash-softening temperatures when used on 
both types of stokers. 


subbituminous A to medium-volatile bituminous were fired. In 
caking properties, the coals ranged from nonagglomerating 
through weakly agglomerating to poor and good caking. In ash- 
softening temperature, they ranged from 2160 F to 2910 F. Ash 
contents ranged from 4.5 to 12.5 per cent. 

Table 1 gives names and significant properties of coals tested. 
The description of caking or agglomerating properties is based 
upon the appearance of residue obtained by the standard method 
for the determination of volatile matter in the coal.* 

The Harris and McKay coals were noncaking, but the other 
three coals, Roslyn, Roslyn-Cascade, and Wilkeson had caking 
strengths or agglutinating values of 700, 2300, and 10,240 g, re- 
spectively. 

Comparative agglutinating values of coals from other states 
are as follows: Two samples from the Pocahontas No. 3 bed, 
West Virginia, had agglutinating values of 12,600 and 7130. One 
sample from the Pittsburgh bed in western Pennsylvania had an 
agglutinating value of 9810, while the Thick Freeport bed in the 


5 The work upon which this report was based was performed under 
a cooperative agreement between the Northwest Experiment Station, 
Bureau of Mines, United States Department of the Interior, and the 
University of Washington, Seattle, Wash. Published by permission 
of the Director, Bureau of Mines. 

¢ “Agglomerating and Agglutinating Tests for Classifying Weakly 
Caking Coals,” by R. E. Gilmore, G. P. Connell, and J. H. H. 
Nicolls, Trans. American Institute of Mining and Metallurgical 
Engineers, Coal Division, vol. 108, 1934, pp. 255-265. 
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TABLE 1 NAMES OF COALS TESTED AND THEIR PROPERTIES bed depends upon the type of coal being burned. 
Cidine temperature, 4 hydraulic mechanism allows the speed of the feed 
Coal Rank properties F screw to be varied to feed between 11 and 27 Ib 
Subbituminous A Noncoherent 2910 per hr 
McKay Subbituminous A Slightly 2160 
Roslyn 5. High-volatile A bituminous Weak agglomerate 2340 
Roslyn-C ascade 1 High-volatile A bituminous Poor caking 2635 FURNACE AND BorLer 
Medium-volatile bituminous Good caking 2330 


Wilkeson-Wingate 


TABLE 2. ANALYSES OF COALS why ord IN STOKER TRIALS 
Roslyn Roslyn- 
Coal Harris MeKay 5 Cascade 1 
Analysis: 
15.8 10.8 3.6 3.0 
Volatile matter, per cent........... 32.9 38.2 38.0 37.0 
Fixed carbon, per cent........... 38.8 46.5 46.5 48.7 
12.5 4.5 11.9 11.3 
Calorific value, Btu per lb. . 9850 11800 12390 12770 
Softening temperature of ash, FE... 2910 2160 2340 2635 
Agglutinating value, 0 0 700 2300 
Caking properties>. . NAa NAb Aw Cp 


® Analyzed under supervision of H. M. Cooper, chemist, Pittsburgh Station, l 


NAb, a non- 


of Mines; ultimate analyses were made also but are omitted. ; 
b NAa designates a nonagglomerate, noncoherent, volatile-matter residue; 


agglomerate, slightly coherent residue that may be crushed by a 500-g weight; 


agglomerate; Cp, poor caking; Cg, good caking. 


same general area showed a value of 6430. Samples of the Elk- 
horn bed in eastern Kentucky and the No. 6 bed in cen- 
tral Illinois had values of 4200 and 2120. 

Table 2 shows the proximate analyses, calorific 
softening temperatures, and agglutinating values,’ or 
strengths of the five coals. 


values, ash- 
caking 


Sroxers Usep ror TEsts 

Fig. 1 shows the principal parts of the overfeed stoker used in 
the work. The flat retort of this stoker gives a thin fuel bed 
typical of this method of burning. The available space on the 
retort is 9 in. wide X 8 in. long, giving a fuel-bed area of 0.5 sq 
ft. A sliding gate over the opening in the feed tube and the de- 
sign of the screw allow the rate of feed to be varied between 10 
and 25 lb of coal per hr. 

Fig. 2 shows the underfeed stoker, installed in the hot-water 
furnace which was employed with both stokers, and the testing 
equipment. The retort of this stoker is of the usual pot type with 
an upper rim 11 in. ir .utside diam. The thickness of the fuel 


7“Test for Measuring the Agglutinating Power of Coal,” by S. 
M. Marshall and B. M. Bird, Trans. American Institute of Mining 
and Metallurgical Engineers, Coal Division, vol. 88, 1930, pp. 340-383. 


, AS-FIRED 


Bureau 


The boiler shown in Fig. 2, is of a size and type 
commonly used in residential heating by stoker or 


; oil firing and comprises six vertical cast-iron sec- 
Wilkeson- 


Wingate tions. It has 52.6 sq ft of heating surface and a 

15/s-0 rated capacity of 565 sq ft of steam radiation or 905 

4.6 sq ft of water radiation. The firebox is 23 in. wide, 

= ; 20'/; in. long and 30 in. high from the top of the 

11.9 brick base to the crown sheet, giving a normal vol- 
4 ume of 8.24 cu ft. 

“ The distance from the grate of the overfeed stoker 


to the crown sheet was 26.5 in. The ashpit below 
the boiler in the brickwork was 4 in. deep and of the 
same cross-sectional area as the firebox. Ashes were 
removed through a door in the back section of the 
boiler. With the underfeed stoker, the distance 
from the top of the retort to the crown sheet was 22 in., but the 
floor of the refractory surrounding the retort was 2 in. below this, 
making the effective height to the crown sheet 24in. The clinker 
was removed by means of tongs through the fire door. 


Aw, weak 


TESTING THE OVERFEED STOKER 


The testing procedure for the overfeed stoker included a 2-hr 
adjustment period, an overnight hold-fire period, a 2-hr preheat- 
ing period the following morning, and an 8-hr test period, during 
which the data were collected. 

Immediately after the second 2-hr period, the stoker was 
stopped, the hopper and ashpit cleaned, a weighed quantity of 
coal was placed in the hopper, and the test was commenced. The 
useful heat recovered during the trial was measured by passing 
water through the boiler to two tanks set on dial-type platform 
scales, by means of which the heated water was weighed. The 
flow of water through the boiler was regulated to give a hot-water 
temperature of approximately 150 F at the outlet, while the 
temperature of the cold water fed to the boiler was about 50 F. 

Continuously, throughout the test period, a sample of the flue 
gas was withdrawn from the smoke pipe at a constant rate, as 
determined by a flowmeter, and subsequently analyzed for carbon 


UNDERFEED Stoker, Hot-WaTeER aND Equipment Usep 1N Coat-BurNING TRIALS 
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dioxide, oxygen, hydrogen, carbon monoxide, methane, and un- 
saturated hydrocarbons. An absorption-type CO, recorder 
showed conditions during the test period. 

The temperature of the flue gas was measured with a recording 
pyrometer, supplemented by the reading of an etched-stem 
mercury thermometer. The same method was used for deter- 
mining the temperature of the hot water, except that a recording 
mercury thermometer was used instead of a thermocouple. 

The condition of the fuel bed in the retort was noted from time 
to time through a Pyrex-glass observation window in the back 
door of the furnace. Comparative smoke readings were taken 
during the test at 15-see intervals over a 30-min period, by com- 
paring the density of the smoke with a Ringelmann chart. 

At the end of the test, the soot was collected from the flue 
passages, smoke hood, and from the inside of the furnace by means 
of a vacuum cleaner. 


UNDERFEED-STOKER TESTS 

The procedure for testing the underfeed stoker was similar to 
that for the overfeed stoker, with a few differences. Immediately 
after the second 2-hr period, the clinker was removed from the 
fuel bed and the thickness of the bed was recorded. The bed was 
observed periodically through the fire door. At the end of the 
test period, the clinker was removed. If necessary, enough loose 
ashes and coke or char were removed to give the same thick- 
ness of fuel bed as at the beginning of the test and appropriate 
adjustment was made. 


Errecr OF CAKING PROPERTIES 

A comparison of the behavior of four of the five coals on both 
types of stokers, as indicated by the heat balance, is given in 
Table 3. The four coals tested were McKay, which is noneaking; 
Roslyn 5, weakly agglomerating with an agglutinating value of 
700; Roslyn-Caseade 1, poor caking with an agglutinating value 
of 2300; and Wilkeson-Wingate, good caking with a value of 
10,240. This is a range in caking properties from a coal which 
would produce only char on carbonization to one whieh would 
give a strong blast-furnace coke. 
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All of the tests reported in this paper are continuous, that is, 
they do not simulate the off-and-on or intermittent operation of 
ordinary domestic-stoker operation. The latter type of burning 
also was used but is not reported in detail here. The ultimate 
effect, of course, is to lower the feed rate and allow more time for 
burning. The composition of the coal with respect to size is also 
an important factor in fuel-bed behavior, as is well known. For 
example, when the material finer than 4 mesh was removed from 
the 0 to */,-in. Roslyn-Cascade coal (the one with the greater cak- 
ing strength), it was burned continuously at about the same rate 
of feed with an efficiency of 57 per cent, eompared to 46.5 per cent 
when unsized, and intermittently when sized with an efficiency 
of 65 per cent. This coal, however, would not be satisfactory for 
overfeed-stoker use and is not sold for that purpose. 


CAKING CoAaLs ON UNDERFEED STOKER 

Table 3 also shows the results of continuous burning trials with 
the underfeed stoker on three caking coals, two of which, those of 
least caking strength, Roslyn 5 and Roslyn-Cascade, were burned 
on the overfeed. In contrast to the low efficiencies obtained with 
these two coals on the overfeed, they were burned with high 
efficiencies, 78.4 and 78.7 per cent, on the underfeed. The strong- 
est caking coal, Wilkeson-Wingate, was burned with about 
equally high efficiency. 

Differences in the caking properties of these coals affected 
conditions in the fuel beds. For example, as the agglutinating 
values of the coals increased, the resulting coke was less reactive, 
the formation of coke trees increased, and the fuel beds increased 
in thickness. Caking coals appeared to burn with thick fuel beds 
on the underfeed stoker, the thickness depending upon the natu- 
ral accumulation of loose ashes, clinker, and coke. At the be- 
ginning of a test, just after a clinker was removed, the accumu- 
lation of loose ashes and coke gave a fuel bed that ranged in 
thickness from 3 to 7 in. above the top of the retort, according to 
whether the coal was weakly or strongly caking. As the test 
progressed, the thickness of the bed increased, owing to the for- 
mation of clinker. Just before the clinker was removed, either at 
the end of the test or at such time during the test as clinker re- 

moval became necessary, the thickness of the main 


TABLE 3) PRINCIPAL RESULTS OF STOKER TRIALS OF CAKING COALS part of the bed ranged from 7 to 9in. The coke trees 
Stoker Overfeed ee ——— ine — protruded occasionally as much as 9 in. above the 
osiyn- 
 Cas- Ros- Cas- Wilkeson- main part of the bed. 

Coal Wat lyn 5 Wingate Although large quantities of coke accumulated at 
Rate, lb per hr..... 13.3 13.4 14. 15.5 16.7 17.0 we 
Agglutinating value, g.......... 0 700 2300 2020 = 3120 10240 various times during the burning trials, no difficulty 
Stack temperature, 379 138 351 477 498 536 ae 

Casbon dioxide in flue eas, per was experienced in burning it, even with the strongest 

10.3 caking coal. The fuel bed went through irregular 

Eficiency, 78.7 eycles of change. Starting with a low accumulation 

Losses, per cent of coke, the coke built up in an irregular pile, some- 
5.9 11.6 27.2 0.0 0 0.0 - 
0.7 0.7 04 0.2 0.1 04 times with one or more coke trees extending almost 
Dry flue gases... ; . . .* 8.2 11.8 62 12.0 11.4 14.8 to the crown sheet. This buildup of the fuel bed was 
Moisture hydrogen... ; 5.5 5.0 4.2 5.4 5.2 4.4 
Combustible i in flue gases. . ; 0.0 0.5 6.5 0.0 0.4 0.0 accompanied by a period of slow combustion, during 
t t 
Radigtion and 9.04.0 4.29.5 Which the rate of combustion was slower than the 
100.0 100.0 100.0 100.0 100.0 1000 rate of feed. The appearance of the fuel bed at this 
Excess air, coal fired, per cent... 4s 77 27 38 45 70 time usually was poor. As the cycle progressed, the 
Excess air, coal burned, per cent 59 102 74 3S 45 71 


2 By difference. 


CAKING COALS ON OVERFEED STOKER 

The most revealing item in the first part of Table 3, which 
deals with the overfeed burning of three coals that show increas- 
ing caking properties, is the efficiency. As caking increases, the 
efficiency decreases from 76.8 to 63.7 and to 46.5. At the same 
time, the loss of combustible in the refuse increases in the order, 
5.9, 11.6, and 27.2, because the rate at which coal is supplied to 
the retort by the feed worm exceeds the burning rate; caking im- 
pedes the flow of air through the fuel bed. 


coke trees fell and a period of rapid combustion re- 
duced the bed to normal thickness. 

Sherman and Kaiser, and Barnes,® all of the Bat- 
telle Memorial Institute, have presented a careful analysis of the 
formation and burning of coke in the underfeed fuel bed. Can- 
dee, working at Washington State College, designed a special re- 
tort with fuel-bed agitator to improve the burning of caking coals 


5 ‘Combustion of Bituminous Coal on the Small Underfeed Stoker,” 
by R. A. Sherman and E. R. Kaiser, Trans. American Institute 
of Mining and Metallurgical Engineers, Coal Division, vol. 130, 
1938, pp. 388-401. Also: ‘Fundamentals of Combustion in Small 
Underfeed Stokers,” by C. A. Barnes, Bituminous Coal Research, 
Inc., Technical Report 4, 1938. 
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and to remove clinker or ash from the fuel bed automatically.® 
By better distribution of air to the fuel bed and breaking large 
pieces of coke to prevent blowholes, more satisfactory combustion 
was reported to have been obtained. 


BurnincG OF NoNCAKING COALS 


Two coals, McKay and Harris, both of which are noncaking, 
were selected to show, first, the burning characteristics of non- 
caking coals on both overfeed and underfeed stokers and then to 
show the effect of a wide difference in ash-softening temperatures. 
Two different lots of each coal were used in the trials. The ash- 
softening temperatures of the two lots of McKay coal were 2340 
and 2160 F. The variation in the softening temperature of the 
ash of the two lots of Harris coal was less, namely, 2910 and 2900. 


EFFEcT oF ASH-SOFTENING TEMPERATURES 


Overfeed Stoker. Table 4 shows the results of the tests of the 
two coals on both types of stokers. In considering the data for 
the overfeed tests, it should be remembered that the McKay coal 
is an unsized product, while the Harris coal is sized, as has been 
shown in Table 2. Despite this difference, nearly the same effici- 
encies, 76.4 and 75 per cent, were obtained. However, the loss 
of heat in combustible in the ashes amounted to 4.4 per cent with 
the unsized McKay coal and 2.1 per cent with the sized but higher- 
ash Harris coal. 

Because of the differences in ash content and in ash-softening 
temperatures, the fuel beds of these two coals were different. 
Although the two coals were burned at nearly the same rate, the 
fuel bed with the McKay coal was only about 2 in. thick, as com- 
pared with a 5-in. bed for the Harris coal. The McKay coal, be- 
cause unsized, gave an irregular bed, sometimes with large blow- 
holes, whereas, the Harris fuel bed was uniform throughout the trial. 


TABLE 4 PRINCIPAL RESULTS OF STOKER TRIALS OF 
NONCAKING COALS 


Stoker -—Overfeed—~ ~—-Underfeed—. 
Coal McKay Harris McKay Harris 
15.9 14.8 16.9 15.6 
Ash content, per cent............. 4.8 12.0 4.3 13.0 
Ash-softening temperature, F...... 2340 2910 2160 2900 
Stack temperature, F............. 471 422 475 425 
Carbon dioxide in flue gas, per cent 13.5 10.1 12.2 9.3 
Heat balance: 
Efficiency, per cent............. 76.4 75.0 75.0 73.6 
per cent 

4.4 2.1 0.0 0.0 
0.4 0.6 0.4 0.3 
9.1 10.9 11.0 11.8 
1.0 1.9 1.9 
4.4 4.8 4.8 4.3 
Combustible in flue gases...... 2.0 0.0 0.5 5.4 
Radiation and unaccounted for¢ 2.3 4.7 7.2 a.7 

; 100.0 100.0 100.0 100.0 

Excess air, coal fired, per cent..... 24 70 44 79 
Excess air, coa] burned, per cent... 30 75 45 80 


@ By difference. 


Because of the wide difference in ash-softening temperature, 
the character of the clinker was different. McKay coal gave 
dense, well-fused clinkers; the Harris clinker was porous, friable, 
and fell off the end of the retort in small pieces. Sized McKay 
coal was also tested but, because the rate of feed was lower 
than in the other trials, detailed data are not given. The effici- 
ency of this test (at 12.4 lb per hr), was 73.4 per cent and the 
loss of carbon in the ashes was 0.2 per cent. Conditions in the 
fuel bed were much more uniform than with unsized coal. 

Underfeed Stoker. Coal from the McKay bed is used widely 
for underfeed domestic burning, but the Harris coal is sold only 
for overfeed use. Data in Table 4 show that both coals burned 


*“The Development of a Domestic Stoker to Burn Washington 
Coals,”’ by E. W. Candee, State College of Washington, Engineering 
Bulletin No. 56, 1938. 
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with approximately the same efficiency on the underfeed and that 
the efficiency was nearly the same as with the overfeed stoker. 

Combustion of the McKay coal on the underfeed stoker is 
characterized by a thin fuel bed. Because of the low ash-soften- 
ing temperature, dense clinkers are formed close to the tuyére 
ring at the top of the retort. The accumulation of clinker, be- 
cause of the low ash content of the coal and the high density of 
the clinker is slow. Nevertheless, this type of clinker, if allowed 
to accumulate too long, checks the flow of air supplied by the fan. 

That a heat-balance statement, showing a reasonably high ef- 
ficiency, fails to disclose the general suitability of a coal for stoker- 
burning, is exemplified by the data for the test of Harris coal on 
the underfeed stoker. Five underfeed trials were made on the 
Harris coal and the results of only the best of these is shown. 
Hence, the data do not truthfully represent the difficulty experi- 
enced in burning this coal on the underfeed stoker. To obtain 
these results, it was necessary to use considerable excess air and 
to carry a thick fuel bed. Because of the high ash-softening 
temperature, 2900 F, only 6 lb of clinker strong enough to be re- 
moved with tongs were formed. The remaining 10 lb were 
present in the fuel bed as loose ashes. Thus, the high ash-soften- 
temperature, although advantageous with the overfeed stoker, 
renders this coal unsuitable for underfeed burning. 


SUMMARY AND CONCLUSIONS 


In general, it is concluded from the foregoing tests that the 
overfeed stoker is suitable for noncaking coals which have a 
wide range in ash content and ash-softening temperature. Even 
coals with very refractory ash fusing above 2900 F are suitable. 
No coals with an ash fusibility below 2100 F were tested. Be- 
cause ashes are eliminated from the overfeed fuel bed as they are 
formed, large quantities of ash are easily discharged. 

As is well known, caking coals are unsuitable for overfeed 
stokers. Weakly caking coals, even when burned in a sized 
condition, gave a low efficiency because excessive amounts of 
unburned coke were lost in the ashes. In contrast, weakly caking 
coals were burned with high efficiency on the underfeed stoker. 

Two noncaking coals, one having a low ash content and low 
ash-softening temperature and the other having a medium ash 
content and high ash-softening temperature, proved satisfactory 
for overfeed burning, but the one with a medium ash content and 
high ash-softening temperature was unsatisfactory for underfeed 
burning, because the ash could not be fused to a clinker. 

Both noncaking and caking coals may be burned satisfactorily 
on the underfeed stoker. Only one coal strong enough in caking 
properties to be used for manufacturing metallurgical coke was 
tested. This coal was burned in the underfeed stoker with a high 
efficiency, but some strongly caking and swelling coals are known 
to give difficulty. With respect to ash content and ash-softening 
temperature, the bituminous-tpe underfeed stoker ordinarily is 
limited to the burning of coals having low to medium ash contents 
and not too high ash-softening temperatures. 
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The Radiation of Furnace Gases 


By H. C. HOTTEL' anv R. B. EGBERT? 


Data of various investigators on the emission and ab- 
sorption of radiation by carbon dioxide and water vapor 
are reviewed critically. Recommendations of procedure 
in calculation of heat transmission by gas radiation are 
given, Fig. 3, with Equation [7] or [8] for carbon dioxide 
and Fig. 10 with Equation [17] for water vapor. Partial 
pressure P, of water vapor, at a constant value of P,L, 
affects gas radiation, but probably to a much smaller 
extent than has been reported in previous literature. A 
simplified procedure is presented to allow for the effect 
of the gas shape on radiant heat interchange. 


HE last fifteen years have witnessed a recognition by 
"Pomam of the importance of infrared radiation from 

gases in affecting heat transfer, especially at high tem- 
peratures where radiation from such gases as carbon dioxide and 
water vapor may be several times the heat transmission due to 
convection. Within the last ten years the basis of estimation 
of such heat transfer has changed from one dependent on in- 
adequate measurements of the infrared absorption spectrum at 
room temperature, combined with a series of simplifying as- 
sumptions, to one dependent on direct measurement of total 
radiation. Since such experiments are somewhat difficult and 
the range of variables to be covered is great, it is not surprising 
that no complete agreement exists at present as to the procedure 
engineers should adopt in the calculation of radiant heat transfer 
from flue gases. It is the object of this paper to examine critically 
the data obtained by various investigators, to present some new 
data, and to consider whether it is possible to resolve the conflict 
of existing recommendations. 


GENERAL ForRMULATION OF Heat INTERCHANGE BY GAS 
RADIATION 


There is both an experimental and a theoretical basis for 
expecting emission and absorption of radiation by gases to have 
importance in any high-temperature heat exchanger involving 
the presence of heteropolar gases, i.e., gases whose molecules are 
composed of atoms carrying charges. Since all gases except the 
elementary gases such as hydrogen, oxygen, nitrogen, and argon 
are to some extent heteropolar, only these elementary gases are 
free from infrared absorption and emission bands. Infrared 
gas radiation of importance in heat transfer is due to changes in 
the energy levels of the molecule owing to its rotation and inter- 
atomic vibration. 

The net interchange of radiation between a gas and some other 
body, due to one radiating (and absorbing) component of the 
gas, can be represented by the following general formula 


q/A]net = (Eg — Ag,s) =fi(L, Pe, Pr, C,T 4) 
(1) 


where 


1 Associate Professor, Fuel Engineering, The Massachusetts In- 
stitute of Technology, Cambridge, Mass. Mem. A.S.M.E. 

? The Massachusetts Institute of Technology, Cambridge, Mass. 

Contributed by the Heat Transfer Group and presented at the 
Annual Meeting, New York, N. Y., Dec. 2-6, 1940, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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q/A\nee = net heat transfer (Btu)/(hr)(sq ft) 

Eg = emission from gas to other body 

Ag,s = absorption, by gas, of radiation from other body 

P, = total pressure (constant at one atmosphere for 
present field of interest) 

Pg = partial pressure of the radiating constituent of 
the gas, atm 

Cc = composition of the remainder of the gas 

L = length of radiant beam through gas mass, ft 

7g = gas temperature, deg R 

Ts = temperature of other body (generally a surface) 


with which gas is exchanging heat, deg R 


The effect on total emission of the composition C of the diluent 
is but incompletely known. Measuring the infrared absorption 
spectrum of carbon dioxide, Hertz (1)? found that hydrogen as 
a diluent gas in place of air increased the absorption by a small 
but definite amount, while the use of nitrogen or oxygen in place 
of air as diluent made no appreciable difference. Hence, at least 
in the case of carbon dioxide, variation in composition of the 
diluent nonradiating fraction of flue gas, which consists mainly 
of nitrogen with varying amounts of oxygen, will not affect the 
radiation from the gas, and can be ignored. 

The heat-transfer relation now simplifies to 


q/A)net = fi(L, Pg, Te) Pa, To, Ts)------ {2} 


Even this simplification leaves a large number of variables. 
Schack (4) and Hottel (3), in the absence of direct data, made 
two assumptions. The first was that the number of molecules 
in the path determined Eg or Ag,g, i.e., that the effect of Pg and 
L entered as a single variable, the product PgL. The validity 
of this relation, known as Beer’s law, had been examined in con- 
siderable detail by Hertz (1) in connection with carbon dioxide, 
and less completely by von Bahr (2). Hertz found that at a 
fixed total pressure the absorption depended upon PgZ and was 
substantially the same whether pure carbon dioxide and a short 
path length or a lower partial pressure and longer path length 
were used, so long as total pressure was held constant by a non- 
radiating gas such as air. As already stated, the use of hydrogen 
instead of air resulted in a small but definite increase in ab- 
sorption, about 2 to 5 per cent, depending upon the absorption 
band studied. Von Bahr examined a wide range of gases and 
compared the absorption of monochromatic radiation by pure 
gas at one atmosphere in 3-cm path lengths with absorption by 
the same gas at 1/11 atm partial pressure and a 33-cm path 
length, the total pressure being maintained at one atmosphere 
by air or hydrogen. Generally, her measurements were re- 
stricted to a single spectral region near the peak of an absorption 
band. She found that, at constant total pressure and tempera- 
ture, the absorption was dependent on the term PgL alone for 
all bands investigated for carbon monoxide, carbon dioxide, 
methane, ethylene, acetylene, methyl ether, ethyl ether, and for 
the 3.0u band for ammonia. For the 6.3u band of ammonia, 
1/11 atm and 33-cm path length produced only 90-95 per cent 
as much absorption as one atmosphere of ammonia in a 3-cm 
path length. Becker (5) found for HCl at the 3.3-3.54 band a 
somewhat lower absorption when partial pressure is down and 
total pressure is maintained with air than for pure HCl at one 
atmosphere and a correspondingly shorter length, at constant 


3 Numbers in parentheses refer to Bibliography at end of paper. 


97 


é 
3 
+ 
: 
— 
_ 
| 


298 


P,L. It appears, therefore, from the work of Hertz, von Bahr, 
and Becker that at a constant total pressure of one atmosphere 
Beer’s law is adequate for carbon dioxide but may lead to error, 
probably small, for certain other gases, notably ammonia. 
Water vapor, on which no data of this type are available, is 
chemically more similar to ammonia than to the other gases 
studied. 

The second assumption was that, at a given Pg, the ab- 
sorption by a gas at any temperature 7'g of radiation from a 
surface at 7's was equal to the emission from a gas at T's (an 
assumption which is exact when 7'g = 7's, by Kirchoff’s law). 
That is, at constant Pg and surface temperature the absorption 
by the gas, of radiation from the surface, is independent of gas 
temperature, even though increasing the gas temperature at 
constant PgL decreases the number of radiating molecules. As 
will be shown later, this assumption is not always justifiable. 

These two assumptions permitted a further simplification of 
Equation [1] or [2] to the form 


Q/A)net = fi(Pel, Te) —filPel, Ts)......... [3) 


that is, to a single function f,; of two variables PgL and T, evalu- 
ated successively at 7'¢ and 7's. 


Drrect MEASUREMENTS 


The direct measurement of total gas radiation, made by 
sighting a total-radiation pyrometer through the gas onto some 
sort of background, is actually a measurement of net radiant 
heat interchange between the thermopile surface and what it 
sees, which latter may be gas or gas with a black-body back- 
ground. Two methods of taking data are used. One employs 
a black bodv at room temperature as a background or mukes use 


TABLE 1 
Back- 
Path Partial Gas ground 
length pressure tem tem Diluent 
Author L,ft Pe,atm te, F ts, gas Knowledge of L 
Hottel and {0.002 70 — 297 Dry Concentration _ tra- 
Mangels- {0.005 to and CO2- verse made. Sharp 
dorf, 1935 0.010 1910 70+2 free gradient within 
0.020 to air isothermal zone; 
168 40.080 2480 established L to 
0.167 2% 
0.500 


system to obtain 
sharp boundary 


Hottel and 0.64 0.241 2568 70+2 N:+ No concentration 
Smith, 1935 to to to Or traverse. Reliance 
1.312 0.369 3778 upon boundary 
between premix 
flame and air 
Eckert, 0.0355 No concentration 
193 0.062 212 traverse but a cal- 
0.13 to 75 Ns culation of one 
2.14 0.25 752 made. Actually an 
0.50 error of 5 cm can 
(1.00 be introduced 
under poor condi- 
tions according to 
experience of H.&M. 
with flow through 
similar nozzles 
0.056 760 Same remarks as 
0.122 to 75 Nz above 
0.334 40.23 2300 
0.49 390 
(1.00 2300 
0.46 No concentration 
9.7 {0°23 2120 75 Hs traverse; no nozzle 
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Uniformity of 
Uniform to 2 F 


Very 
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see text.) 


VARIABLES COVERED IN Stupy 
Diox1pE RapIATION 
(Numbers in circles indicate percentage difference of different investigators, 


or CARBON 


HRM —-EXTRAP DATA 
-CHPTL DATA PL-0002 | | 
EcERT-ExTRAP Data. FTATM 
TEMPERATURE 


ComMP\RISON OF Data ON CarBon DioxtpE Emission 


narrow angle 


SUMMARY OF EXPERIMENTAL MEASUREMENTS ON CARBON DIOXIDE 


Stray radiation 


1.3% of black-body 
radiation at gas 
temperature 


Not determined. 


required by radi- hould be neg- 
ometer so that ligible, as no hot 
beam passed surfaces present 
through isother- 
mal gas zone. 
Sharp temp gradi- 
ents at end. Temp 
measured by so- 
dium-D line re 
versal method 
Good, Traverse Impossible to sepa- 
given. No pro- rate stray from 
tecting air column mirror emission. 
at end except that Control experi- 
due to partially ment indicated 
preheated room total stray and 
air emission from 
mirror was 1.8 to 
2.6% of black 
body at gas temp 
Same remarks as Stray = 1% of 
above black body at gas 


Uniform in furnace, 
gradient occurrin 
over 10 em lengt 


at ends 


temp 


sion from mirror 
+ reflection of 
background = 
6% of black 
body at gas tem- 
perature 


Narrow - angle 


Apparatus 


Other comments 


Radiometer sighted horizon- 


tally through horizontal! 
tubes with nozzles at ends 
and hot-dry air protection 
at ends to prevent ab- 
sorption at edges of zone. 
Mirror in radiometer only 


radiometer 
sighted through long 
Meker flame from com- 
bustion of CO-air and 
CO-air-oxygen mixtures. 
Mirror in radiometer only. 
Radiation is due to prod- 
ucts of combustion only 


involves two 
nozzles at bottom and 
mirror in top of vertical 
furnace. lane mirror 
outside of furnace. Ther- 
mopile hence sees three 
mirrors in all. Originally, 
He used as diluent but 
reacted with CO: To 
prevent heavier CQO:-N: 
mixture from mixing by 
avity with air below 
urnace, high velocity 
through nozzles was used 


Apparatus similar in prin- 


ciple to H.&M. except 
that, instead of, gas bound- 
ary formed by dry CO>- 
free air at high tempera- 
ture, partially heated un- 
scrubbed atmospheric air 
is used 


Totalstray + emis- Vertical furnace with mirror 


in top in hot zone. Back- 
ground was flat surface 
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‘of a mirror so that the radiometer is its own background. This 
method yields emission characteristics only when the gas tem- 
perature is high enough to make negligible the term representing 
absorption, by the gas, of radiation from a black body at room 
temperature. The second method requires black bodies at 
different temperatures, ranging from liquid air to temperatures 
exceeding 2000 F, and permits separation of emission and ab- 
sorption characteristics of the gas. Until this type of measure- 
ment is made there is a question as to the validity of using the 
net interchange factors, calculated from data obtained by the 
first type of measurement, as a basis for heat-transfer calculations. 

The first experimental measurements were those of Lent and 
Thomas (6) on products of combustion of blast-furnace gas 
flowing in a duct four feet in diameter. A radiometer was 
sighted through the gas stream onto a water-cooled black sur- 
face. Uncertain path length and presence of considerable stray 
radiation make the data reliable to probably no better than 20 
per cent. 

Schmidt (7) next published the results of the first compre- 
hensive investigation of water-vapor-radiation interchange 
between pure steam at different path lengths and temperatures 
and a blackened surface at room temperature. 

Hottel and Mangelsdorf (8) studied steam-air mixtures, 
carbon dioxide-air mixtures, as well as steam-carbon dioxide- 
air mixtures, and measured both emission and absorption by 
using hot and cold black-body backgrounds. They varied the 
partial pressure and temperature of the radiating gas and kept 
the path length constant. 

Hottel and Smith (9) measured emission from products of 
combustion of carbon monoxide and carbon monoxide-hydrogen 
mixtures at temperatures up to 3780 F. 

Eckert (10), like Schmidt, measured the net interchange 
between the gas and a surface at room temperature, studying 
mixtures of carbon dioxide and nitrogen, carbon dioxide and 
hydrogen, and steam and nitrogen. Eckert varied the partial 
pressure and the temperature and varied the path length by the 
use of three different furnaces. 

Eberhardt (11) measured the radiation from the flue gases in 
a steel reheating furnace, by sighting a radiometer across the 
gas within the furnace, through two openings, one in each side of 
the furnace, onto a black body. The gas contained both carbon 
dioxide and water vapor and had a path length of 14 ft. The 
temperature and the partial pressures of the radiating gases were 
varied. 

Brooks (12) measured the emission and absorption of atmos- 
pheric air containing both carbon dioxide and moisture, at room 
temperature, and varied the path length. 


CaRBON DIOXIDE 


The extent of the experimental investigation of carbon dioxide 
is indicated by Table 1 and Figs. land 2. As already mentioned, 
Hertz (1) and von Bahr (2) found that Beer’s law was valid for 
the various monochromatic absorption bands of carbon dioxide, 
and Eckert’s results on three furnaces of different lengths support 
the same conclusion. Hence the radiant heat interchange be- 
tween carbon dioxide and a bounding surface in industrial high- 
temperature heat-exchange equipment, which is generally 
operated at a fixed total pressure of one atmosphere, is dependent 
upon three operating variables, namely, gas temperature, surface 
temperature, and the product of path length by partial pressure 
of carbon dioxide, 

Fig. 1 indicates the range covered by the three most compre- 
- hensive investigations, namely, those of Hottel and Mangelsdorf 
(8), Hottel and Smith (9), and Eckert (10). Gas temperature 
is plotted against P.L. Each cross-hatched rectangle represents 
the range in which emissivity can be obtained by direct interpo- 


lation of the actual data points of a particular investigator. As 
can be seen from Table 1, Eckert used a black-body background 
at room temperature only. Hence his measurements were re- 
ported as a pseudoemissivity €g’, which is a net interchange factor 
between the gas and a black body at room temperature defined 
as follows 


(Ba—Aar) 14) 
where 
Eg = gas emission 
Ag,r = absorption, by gas, of room temperature radiation 
Tg = gas temperature 
Tr = room temperature 
a = Stefan-Boltzmann constant 


As the temperature of the gas increases eg’ approaches the true 
gas emissivity €g=(E,/oTg‘), and above 1000 F the two can for 
all practical purposes be considered equal. For comparison with 
Eckert, the results of Hottel and Mangelsdorf have been con- 
verted to €g’ wherever that quantity differs from €g. The 
numbers in the small circles in Fig. 1 represent the percentage 
difference between the recommendations of the two investi- 
gators, i.e. 


€c’, H. M. — €6’, Eckert 
€G ,H.aM 


Since the data of Hottel and Smith on carbon monoxide flames 
(top rectangle of Fig. 1) were used by Hottel and Mangelsdorf 
in establishing the high-temperature extrapolation of the latters’ 
final recommended curves and since the flame measurements 
were accurate to about ten per cent, the agreement of the H.&M. 
extrapolation is likewise within +10 per cent of direct experi- 
mental data. This is indicated by the top number in the large 
circle. The lower number in the same circle is the percentage 
difference between Eckert’s extrapolations and the H.&M. 
extrapolations. Fig. 2 likewise compares the two main groups 
of data; eg’ is plotted as a function of temperature for several 
values of P.L, with indication of whether each curve is based 
on data or extrapolations. An examination of both figures 
indicates that the recommendations of Eckert and of Hottel and 
Mangelsdorf agree to within 5 to 8 per cent in the range of 
temperature and P.L where both investigators have experimental 
data. Outside this range at temperatures below 2000 F, dis- 
erepancies of 15 to 20 per cent exist. At high temperatures 
(about 3200 F) Eckert’s recommendation is considerably higher. 

Both Eckert and Hottel and Mangelsdorf took great care 
in measuring temperatures and kept errors caused by stray 
radiation down to less than 1.5 per cent of black-body radiation. 
The latter investigators determined the path length by a concen- 
tration traverse and used hot, dry, CO,-free air as a windowless 
boundary to confine the radiating gas. Runs were made only 
when concentration gradients at the end were sharp and the 
temperature uniform through the center chamber. Although 
Eckert did not make such a concentration traverse, he used a 
system in which gas flow was probably somewhat steadier than 
that of Hottel and Mangelsdorf, and the concentration gradients 
at the boundary of his gas layer were probably satisfactory. 
Eckert allowed room air containing water vapor and carbon di- 
oxide partially heated by the apparatus to form the boundary 
confining the radiating gas. As a result, concentration and 
temperature gradients occur simultaneously in the boundary 
layer, and the boundary gas contains some carbon dioxide and 
water vapor. This possibility of error may explain the dis- 
crepancies in the recommendations of the two investigators. 

In addition to studies of emission, Hottel and Mangelsdorf 
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made measurements of absorption, by the carbon dioxide, of 
black-body radiation from backgrounds at different tempera- 
tures. They found that, on maintaining the path length and 
partial pressure of carbon dioxide and the temperature of the 
source of black-body radiation all constant and varying the gas 
temperature, the absorption of radiation by the gas increased 
with an increase in gas temperature. Tingewaldt’s (13) measure- 
ments of the absorption of monochromatic infrared radiation by 
carbon dioxide at various temperatures have confirmed the 
aforementioned result. 

- Although this finding prevented the simplification of the heat- 
transfer relation from the form represented by Equation [2] 
to that represented by Equation [3], an empirical relation be- 
tween gas absorption and gas emission was established; conse- 
quently a single plot of emissivity in terms of 7 and PL is suf- 
ficient to determine both the total emission of radiant energy and 


the absorption of black-body radiation by carbon dioxide. Ab- 
sorption is given in terms of emission by the relation 


TEMPERATURE °F 


Fic. ReEcoMMENDED WorKING PLoT or CarBon DioxipE RADIATION 


where 


Qg,s = absorptivity of gas at 7'g for radiation from « 
black source at 7's 

€5,P¢LTG/Ts = gas emissivity at temperature 7’, and at 
pressure-length product equal to P,LT¢@/T's 


A study of Table 1 and Figs. 1 and 2 does not permit an 
unequivocal decision as to which data to recommend for use. 
However, since the data of Hottel and Mangelsdorf are in good 
agreement with Eckert in the range covered by him and their 
extrapolation to high temperatures is in good agreement with 
Hottel and Smith’s data, the H.&M. data have been used as 
a basis for constructing a working chart of emissivity versus 
temperature, for various values of P,L. Such a chart appears 
as Fig. 3, to be used for evaluating terms in the expression for 
net radiant heat interchange between gas containing CO, and its 
bounding surfaces 


q/Alco: = «(Eg — Ag,s) 
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4 
= 0.1723 
€ 
Ts\* 


« = emissivity (and absorptivity) of gray surface which 
bounds the gas. 


where 


Since the second or absorption term in the bracket is somewhat 
tedious to evaluate, it has been recommended (8) that when the 
gas temperature is high enough to make absorption much less 
important than emission (say, at least one third greater than 
surface temperature, absolute scale), the absorptivity ag, be 
assumed equal to gas emissivity at the surface temperature, 
Es,p,.. Then Equation [7] simplifies to 


T,\* 
q/A)cor = 0.1723 « — €5,P¢h.* | . [8] 


This simplified form covers most furnace problems. Eckert 
has presented an analysis purporting to show that for cases in 
which gas temperature exceeds surface temperature the maximum 
error introduced by the use of Equation [8] instead of [7] is about 
4 per cent; but the analysis is incomplete. If, for purposes of 
simplifying the analysis of error, one assumes €s,p.11/€8,Per. = 
and = (Ts/Tg)’, it may be readily 
shown that the error in use of Equation [8] instead of [7] is given 


by 


_ 
q/A} ka. (7) — (T¢/T 
Fig. 3 indicates that b varies from +0.3 at 1000 F and high 
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Fig. 4 Fraction Error 1N CaLcutatTion OF Heat INTERCHANGE 
Dve To Carson Dioxipe Causep BY Use or APPROXIMATE Equa- 
TION [8] INSTEAD oF [7] 


P.L’s to —1.8 at 3000 F and low P,L’s; a varies from 0.85 at 
P.L = 0.005 to 0.25 at P.L = 2.0. Using Equation [9] and 
values of a and b limiting their range of importance, the per- 
centage of error owing to use of Equation [8] has been calculated 
and is given in Fig. 4. It is apparent that caution should be 
employed in using the simplified form of equation. 

Schack (14) has recently recommended an empirical equation 
for carbon-dioxide emission, obtained by fitting a simple power 
function of temperature and P,L to the arithmetic mean of the 
Eckert and H.&M. data. Schack’s equation is 


3.6 
E, = 0.111 vex-(2) Btu per sq ft per hr...[10] 


ég = 0.644 [11] 


or 
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Inspection of Fig. 3 for which Equation [11] is proposed as a 
substitute makes it obvious that no such simple form of equation 
can be valid over a very wide range, since ¢g is proportional to the 
first power of PL at very low P,.L’s and to a power of tempera- 
ture varying from +0.3 at 1000 F and P.L = 2 to —1.8 at 3000 F 
and P.L = 0.01. However, in the temperature range 1000 to 
2300 F and at values of PL between 0.02 ft atm and 1.0 ft atm 
Equation [10] gives values of emission which are within ten 
per cent of those calculated from the plot in Fig. 3. Outside 
this range the equation is greatly in error. For the absorption 
of black-body radiation by carbon dioxide Schack recommends 
the simplification already discussed—that ag,; equals eg. His 
heat transfer equation then becomes 


— 3.5 3.5 
q/Alcoz. = 0.111 | (22) (7s) | .. [12] 


This equation may lead to an error of + ten per cent + error 
given in Fig. 4, even in the range for which Schack recommended 
it. By factoring (Tg— Ts) out of Equation [12], one may 
obtain an expression for an equivalent or pseudoheat-transfer 
coefficient. 

This is 


hoor ma = 0.0089 W/P.L (Tave/100)5 


in which Tave is to an adequate approximation equal to the 
arithmetic average of gas and surface temperatures, degrees 
Rankine. 


WatTER VAPOR 


The results on water vapor are less conclusive than those on 
carbon dioxide, and there is evidence that water-vapor emission 
at a fixed temperature and total pressure is not dependent solely 
upon P,L, but rather on P, and L separately. The chief in- 
vestigations, summarized in Table 2, have been carried out 
in Danzig by Schmidt (7) and later by Eckert (10) under 
Schmidt’s direction, and at The Massachusetts Institute of Tech- 
nology by Hottel and Mangelsdorf (9). Also at M.I.T. un- 
published data by Eberhardt (11) and Brooks (12) have been 
obtained. Fig. 5 indicates the range of variables covered by the 
various investigators. Since Beer’s law has not been verified 
for water vapor, L and P,, must appear as separate variables. 
The three independent variables P,, L, and T produce a three- 
dimensional figure, isothermal planes through which are presented 
in Fig. 5. 

Schmidt measured interchange between a thermopile at room 
temperature and its field of view, namely, a jet of pure steam 
issuing from a nozzle at a relatively high velocity (about 60 fps) 
and at temperatures between 250 and 1760 F with a flat black- 
ened plate at room temperature behind the steam jet. The 
partial pressure was kept constant at one atmosphere, and the 
path length L was varied by the use of three different-sized nozzles 
and by the use of mirrors. No concentration traverse was made 
to determine boundary effects, but these must have been appre- 
ciable, considering the well-known injection effects of a jet dis- 
charging at high velocity into a relatively stagnant fluid. The 
longest path length of 0.596 ft was obtained by sighting the 
radiometer across a 6-cm jet onto a mirror, back across the jet 
to a second mirror, and finally across the jet a third time onto a 
blackened flat plate, with the result that the beam of radiation 
passes through six boundary layers. A temperature traverse 
across the jet indicated an irregular variation—as much as 140 F 
at a mean steam temperature of 1090 F. No control experiment 
to determine stray radiation is indicated.. Since Schmidt used 
a background at room temperature only, he expressed his results 
as the pseudoemissivity ¢g’ already defined. He calculated the 
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TABLE 2 SUMMARY OF EXPERIMENTAL MEASUREMENTS ON WATER VAPOR 
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Back- 
Path Partial Gas ground : 
length ressure tem tem Diluent 
Author L, ft w, atm ¢@G, ts, gas Knowledge of L Uniformity of tg Stray radiation Other comments 
Schmidt, 0.0325) 72 = None No concentration Poor. As much as No control experi- Radiometer’ sighted hori- 
1932 0.0656) few traverse. Reliance 140 F irregular ment indicated. zontally through vertical 
0.098 25 deg on boundary _ of variation at higher Possibility of jet of steam —-— 
0.132 1.0 to (room open jet. Two temperatures diffuse reflection into cold air. 
0.197 1760 temp) and 3 passes (1000 F) of nozzle-wall length doubled or wwebled 
(0.394) through jet to radiation from by use of mirrors, intro- 
(0.596) obtain L indicated flat-plate back- ducing edge-effects up to 
in () ground six times 
Hottel and 0.005 — 297 Dry Sharpness of gradi- Uniform to 2 F. 1.3% of black-body See comments in Table 1 
Mangels- 0.010 and CO: ent tested before Ends __sprotected radiation at gas 
dorf, 1935 0.020 70 70 +2 = free each run by put- with hot, dry, COr temp 
0.040 to and air ting in C and free air 
1.68 0.080 1883 700 analyzing. Runs 
0.167 and only when gradi- 
0.500 1840 ent sharp. 
1.00 good to 2% 


Eckert, 0.0305 75 See mments on Good. See Table 1 See Table 1, Eck- Apparatus has two nozzles, 
1937 0.061 250 (room Eckert's 2.14-ft ert's 2.14-ft fur- beam-entrance and beam- 
0.122 to temp) furnace using CO:, nace. Possible exit, at bottom of vertical 
2.14 0.260 750 Nz Table 1 error in method gas furnace. Gold mirror 
0.534 of applying cor- inside furnace, plane mir- 
1.00 rection ror outside 
0.051 Room Same as above Good. Same re- Aboutl1% a black- See comments in Table 1 
0.114 290 temp marks as above body iation on Eckert’s 0.334-ft fur- 
0.334 0.206 to Ne at gas mp nace 
0.49 2300 
1.00 
0 026 Room See Table 1, Eckert’s Uniform in furnace. See Table 1 aes furnace with mirror 
9.7 | to 212 temp Ne 9.7-ft furnace Gradient in ends top. No nozzles to 
(0.810 occurring simul- sharp boundary. 
taneously with ackground a flat surface. 
conc gradient. Possibility of fog forma- 
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Fic. 5 RANGE OF VARIABLES COVERED IN STUDIES OF WATER- 
Vapor RADIATION 


emissivity of steam from monochromatic absorption measure- 
ments made by Hettner (15) on a pure steam column 3.5 ft long 
at 250 F, and used this value of emissivity to extrapolate his 
own results to high values of P,,L. 

Hottel and Mangelsdorf measured the emission and absorption 
characteristics of steam-air mixtures, varying gas temperature, 
black-body temperature, and partial pressure and keeping the 
path length L constant at 1.68 ft. The temperature was uniform 
within 2 F over the entire path length. Before a run was made 
carbon dioxide was passed into the furnace to test the concentra- 
tion gradient. When conditions of operation were such that the 
gradients were sharp, the system was thoroughly flushed free 
of carbon dioxide and water-vapor mixtures led into the furnace. 
A possibility of error arises here in that the conditions of opera- 
tion which produced sharp concentration gradients with carbon 


tion at boundary from 
condensation of water 
vapor overflowing from 
apparatus 


Varied from 70 to 
212 F in 10 em 


dioxide might not have been maintained throughout the water- 
vapor runs. The stray radiation determined by a control 
experiment on dry carbon-dioxide-free air was about 1.5 per cent 
of black-body radiation, and was subtracted from all radiation 
measurements. 

When the results of emission were compared with those of 
Schmidt, interesting discrepancies appeared. At small values of 
P,,L Schmidt’s values of ¢g’ are considerably larger than those 
calculated from Hottel and Mangelsdorf’s measurements, while 
good agreement exists at high values of P,L. These dis- 
crepancies indicated the possibility that PL was not a single 
independent variable but that increasing P,, produces a greater 
increase in emission than a corresponding increase in L. This 
possibility led Eckert under Schmidt’s direction to make further 
investigations, 

Eckert made measurements on three furnaces having different 
path lengths. One furnace was similar in design to that used 
by Hottel and Mangelsdorf, and confined gas having a path 
length of 0.334 ft. The gas temperature was varied between 
290 and 2300 F, and the partial pressure of water vapor was 
varied between 0.051 and 1.0 atm, using nitrogen as a diluent 
gas. The stray radiation was small, about one per cent of black- 
body radiation, and the temperature was uniform throughout 
the gas column. No concentration traverse was made, and room 
air partially heated by the apparatus formed the windowless 
boundary between the radiating gas and the radiometer black- 
body system. Hence, possible sources of error include that of 
path length owing to possible uncertain boundary effect and that 
introduced by absorption and emission of radiation from the 
water vapor and carbon dioxide present in the air from the room. 

A second vertical furnace contained a gold-plated mirror in 
its top in the heated zone. Radiation from a black body passed 
through one set of nozzles at the bottom of the furnace to the 
mirror, then back down through a second set of nozzles to a plane 
mirror, and thence into a radiometer. The path length was 2.14 
ft, and the gas temperature was varied between 250 and 750 F. 
The emission from the hot gold mirror plus any stray radiation 
that was present was determined by a control experiment with 
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dry nitrogen in the furnace, and was used to correct the measure- 
ments. Air from the room, as before, formed the windowless 
gas boundary. A concentration traverse at this boundary was 
not made, though one was calculated. 

A third furnace also contained a gold mirror and confined gas 
with a path length of 9.7 ft. This furnace was heated by con- 
densing steam to 212 F and the gas, preheated to the same 
temperature, entered the top of the furnace in back of the mirror 
and overflowed out of the bottom, no nozzle system to get a 
sharp gas boundary being used. A water-cooled flat surface 
formed the background for the radiometer. The radiometer 
used in all of Eckert’s work appears to be of good design, and 
was flushed with dry nitrogen gas. Eckert calculated all his 
results as the pseudoemissivity €g’. 

In Fig. 6 the measurements of the different investigators are 
plotted as a function of P,L for three different temperatures. 
Schmidt’s results are higher than any of the others and the dis- 
crepancies increase as PL is decreased, but the data are in 
better agreement at high temperatures than at low. Eckert’s 
results on his shortest path length agree with Schmidt’s when 
pure steam is used but decrease more rapidly than Schmidt’s 
with decreasing P,,L and are somewhat higher than the values 
calculated from the data of Hottel and Mangelsdorf. Eckert’s 
values calculated from the data on his 2.14-ft furnace lie con- 
siderably below both his own values from t.e 0.334-ft furnace 
and those of Hottel and Mangelsdorf. The values calculated 
from the data on Eckert’s largest furnace, L = 9.7 ft (taken at 
one temperature only), are lower than all other results. After 
he had examined his own data Eckert concluded that Beer’s 
law does not hold for water vapor. Working at 212 F where he 
had data at a common value of PL and T from three furnace 
lengths plus Schmidt’s data at P,, = 1, Eckert concluded that 
the four different measured emissivities could be expressed as a 
single function, the product (emissivity at the value of PL in 
question and at P,, = 1 atm) X (power function of P,,), i.e., 
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Fic. 6 Comparison or Data ON WaterR-VAPoR Emission 
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Fic. 8 Comparison oF Dats oF EBERHARDT ON WaTER-VAPOR 
Emission With RECOMMENDED CuRVES OF H.&M. anv oF EcKERT 


where the power z is a function of temperature only. At tem- 
peratures usually attained in industrial furnaces Eckert had 
data at one path length only, L = 0.334 ft, and hence could not 
verify this equation at high temperatures. However, he assumed 
that it was valid and used Schmidt’s data in conjunction with his 
own to determine the factor (P,)* at all temperatures. He 
presented this factor graphically as a function of temperature; 
his graph is reprinted here as Fig. 7. 

Eberhardt (11) made gas-emission measurements from a steel 
reheating furnace in an industrial plant. He sighted across the 
furnace through square openings 15 in. in diameter with a 
radiometer which was carefully designed for minimum stray 
radiation and which required an object at 20 ft equal to the 
diameter of its mirror to fill the field of view. Eberhardt deter- 
mined the temperature and concentration of carbon dioxide at 
various points along the line of sight and found that both were 
uniform for a distance of 14 ft, with sharp gradients in tem- 
perature and concentration occurring simultaneously at the 
edges. The carbon dioxide concentration was determined by 
Orsat analysis while the water-vapor concentration was cal- 
culated from the results of careful analyses of the fuel gas. The 
total radiation of the gas owing to both carbon dioxide and water 
vapor was measured with the radiometer. From the known 
path length of 14 ft and measured partial pressure of carbon 
dioxide the contribution of that constituent was calculated from 
Fig. 3 and subtracted from the total measured radiation. The 
remainder was radiation owing to water vapor alone.‘ The 
temperature varied between 1670 and 2370 F, while PL varied 
between 1.5 and 2.5 ft-atm. The results were converted to 
show the relation hetween eg and temperature at three fixed 


4 A small correction for superimposed radiation (see later discus- 
sion) was applied. 
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values of P,L, by assuming that over the small range of PL 
involved the slope of the eg — P,L relation was the same as in 
the H.&M. data. These converted results appear as data points 
in Fig. 8, along with the recommended curves of Hottel and 
Mangelsdorf (solid lines) and Eckert (dashed lines) corresponding 
to the same values of P,L of 1.5, 2.0, 2.5 ft-atm. 
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Emission at 1000 C (1832 F) 


It is apparent that Eberhardt’s data are in excellent agreement 
with the solid lines, the maximum deviation of +10 per cent 
appearing to be random and due to indeterminate experimental 
errors. It is also apparent that the data are considerably higher 
than the curves recommended by Eckert, the calculation of 
which curves involves a correction downward owing to the low 
P,, even though P,L is high. 

Eberhardt’s data were also corrected to a common temperature 
of 1832 F and plotted as points in Fig. 6. An extrapolation of 
the curve of Hottel and Mangelsdorf would pass through these 
points even though Eberhardt’s data were obtained on a path 
length nine times as great and at correspondingly lower P,’s. 

The emissivity of water vapor as a function of P,L at 1832 F 
(1000 C) for three path lengths, L = 0.334 ft, L = 1.68 ft, and 
L = 14 ft, according to the recommendations of Schmidt, Hottel 
and Mangelsdorf, and Eckert is plotted in Fig. 9. Since both 
Schmidt and Hottel and Mangelsdorf assumed the validity of 
Beer’s law, one curve suffices for all three path lengths. Eckert’s 
recommendation yields three different curves when his correc- 
tion for the effect of partial pressure is applied. For the longest 
path length, L = 14 ft, values of P,, for the small values of P,,L 
were out of the range covered by Eckert’s plot of correction 
factors. The values for the correction factor at 1832 F, accord- 
ing to Eckert’s plot, can be calculated from the relation: factor = 
(P,,)**42. It is apparent that at the long path length of 14 ft 
Eckert’s recommendation is quite low. This strongly suggests 
that his correction for pressure is excessive, at least for small 
partial pressures or high temperatures. Eckert himself suggests 
that the deviations from Beer’s law which he found are due to 
association of water-vapor molecules. An increase in the partial 
pressure increases the association, and if associated water vapor 
has a higher emissivity than the unassociated state, then increas- 
ing the partial pressure at constant P,L should increase the emis- 
sivity. At very low partial pressures or at high temperatures 
the association of water vapor becomes negligible. Therefore, 
if association is the cause of the deviation from Beer’s law the 
law should be valid at very low partial pressures, rarely en- 
countered in industrial practice, and at high temperatures such 
as encountered in most industrial furnaces. The agreement 
between Hottel and Mangelsdorf and Eberhardt as well as the 
fairly good agreement between Eckert’s measurements at his 


5 It is to be remembered that at this temperature Eckert has data 
at only one path length, namely, at L = 0.334 ft. 
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highest temperatures on the 0.334-ft furnace and those of Hottel 
and Mangelsdorf indicate that this is the case. 

Some measurements of the emission and absorption of radia- 
tion from atmospheric air containing moisture at room tempera- 
tures have been made by Brooks (12). A sensitive radiometer 
was sighted through laboratory air upon either of two black 
bodies, one filled with liquid air and the other with hot water. 
The distance between the black body and the radiometer was 
varied from 1.5 to 20 ft. Calibration of the radiometer was 
accomplished by permitting the radiometer to view the black 
body directly. Brooks made an attempt to correct for errors 
owing to inability to eliminate air with moisture and CO, between 
the radiometer and black body in the calibration of the radi- 
ometer, and for errors owing to boundary effects at the black 
bodies and radiometer. The boundary effect was particularly 
bad for the liquid-air-cooled black body as indicated by a visible 
fog which issued forth from it. Brooks’ assumptions regarding 
the nature of these boundary effects were not sufficiently accurate 
to eliminate errors. About 15 per cent of the radiation was 
due to carbon dioxide in the air. When the radiation owing to 
carbon dioxide is subtracted from the measurements the re- 
mainder, radiation from water vapor, is about 40 per cent higher 
than calculations based on an extrapolation to room temperature 
of the H.&M. data at a P,; of 0.01 ft-atm, where the path length 
L was the same for both investigators. At Brooks’ longest path 
length (20 ft) his measurements are in agreement with the 
H.&M. extrapolation. Brooks’ measurements, while subject 
to considerable error, confirm Eckert’s conclusion that at room 
temperature ar increase in path length at constant partial 
pressure increases water-vapor emission less than does corre- 
sponding increase in partial pressure at constant path length. 
They also indicate that both the Eckert and the H.&M. extrapo- 
lations of emission measurements to room temperatures are 
possibly low. These discrepancies are of no consequence in 
furnace calculations. 

Margaret Fishenden (16) in 1936 published the results of some 
radiation measurements on the products of combustion of city 
gas. Measurements on gas varying from 400 to 1600 F, at 
P,L = 0.205 and P,L = 0.075, yielded results from 5 to 21 
per cent higher than calculations based on the H.&M. data and 
from 9 to 29 per cent higher than the Eckert data. The dis- 
crepancy in each case increased with temperature. Owing to 
stray radiation, uncertain path length, and temperature gradients 
along the line of sight of her radiometer Miss Fishenden’s meas- 
urements are subject to considerable error. Recently she made 
measurement (17), yet to be published, on the absorption of 
radiation from hot black bodies by low-temperature steam-air 
mixtures, measurements which confirmed the inadequacy of 
Beer’s law at low temperatures. 

All these results point to the conclusion that at low tem- 
peratures Beer’s law is not valid, and that some kind of correction 
factor must be used in conjunction with a single family of curves 
involving the three variables, emissivity, temperature, and P,,L. 
However, Eckert’s proposed correction factor seems to be exces- 
sive at low temperatures as well as invalid at high temperatures. 
At very high values of P,L, theory indicates that gas emissivity 
approaches unity and hence is independent of P, at constant 
PL. Likewise if association is the cause of the experimental 
deviations from Beer’s law then gas emissivity is independent of 
P,, at constant PL at very low values of P,. Eckert’s correction 
factor, a function of P, and independent of P,L, is such that 
unit emissivity cannot be attained at infinite PL unless P,, = 1, 
and it does not become constant when P, is very small. One 
concludes that the correction factor is therefore theoretically 
unsound and is in error at low values of P,, and high values of 
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A more logical type of correction factor to be used in con- 
junction with the charts already published would be one which 
corrected P,L instead of emissivity. One such form of correc- 
tion might be 


This form of correction conforms to the conditions that emissivity 
be unity and independent of P,L at infinite PL and that the 
correction become independent of P,, at very small values of 
P, Existing data are not sufficient to determine the factor K 
in the foregoing equations as a function of temperature. Eckert’s 
data at 750 F and L = 0.334 ft (his most reliable furnace) and 
that of Hottel and Mangelsdorf can be brought together by 
Equation [14] with K = 0.35. This would give 


PL for use with 
charts based on 


P, = 1, such as = (PL) Jactuai (0.65 + 0.35 Py). . (15) 


2 


P,L for use with 
chart based on 
L = 1.68—that of 
H.&M. (Fig. 10) 


= 1.56 1.97 Jactuat (0.65 + 0.35 — 1}. . [16] 


Since many other functions besides (14) exist which conform to 
the limits imposed by theory, equations such as [15] and [16] 
are certain to be replaced by better recommendations when 
adequate data become availale. Such an experimental study is 
now under way at M.I.T. 

With the extensive and somewhat conflicting data on water- 
vapor emission in mind, particularly the Eberhardt data taken 
in the range of P,, and 7 encountered in furnace practice, the 
authors make tentative recommendations for calculations: For 
temperatures above 1200 F use the chart, Fig. 10, based on the 
H.&M. data, without any correction for deviations from Beer’s 


Schmidt's law. For lower temperatures a correction should probably be 
used, and [16] is recommended temporarily. In the vicinity of 212 
and F Eckert’s correction may be used, though we feel it overcorrecta. 
EMISSIVITY OF WATER VAPOR 
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The only measurements on the total absorption of black-body 
radiation by water vapor are those of Hottel and Mangelsdorf. 
They found that absorption by a gas at constant P,,L of radiation 
from a black body at a given temperature 7's is independent of 
gas temperature. Hence the absorption is equal to the emission 
the gas would exhibit if at the temperature 7’, of the body. The 
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11 Correction To SUPERIMPOSED RaApDIATION FROM 
CaRBON DIOXIDE AND WATER VAPOR 


Fic. 


equation for radiant heat interchange between gas containing 
water vapor and its bounding surfaces is then of the form of the 


simplified carbon dioxide equation 
Ts 
— .[17 


where €g and eg are read from Fig. 10 at tg and ts and at a com- 
mon P,L. 

Schack (14), using the arithmetic mean of the H.&M. data 
and those of Eckert, has developed equations for water-vapor 
emission similar to those already presented for carbon dioxide. 
He assumes that the emission increases with partial pressure at 


Te\* 
A = 0.1 
q/A = 0.1723  «. Pol (is €S, Pol 


constant P,L according to Eckert’: recommendation. His 
equation is 
q/A)n,0 = 1.08 P,,°-8L°-6 
100 100 
[18] 


Between 900 and 2400 F and P,L = 0.02 to P,L = 1.0 ft- 
atm this equation gives values of emission that are from 15 
per cent lower to 15 per cent higher than those calculated from 
Fig. 10 when the path length is 1.68 ft. At other path lengths 
larger deviations may be expected due to the probably excessive 
correction for effect of P,. The equation is recommended only 
where errors of 20 per cent can be tolerated. As with carbon 
dioxide, Equation [18] may be converted to yield a pseudo- 
heat-transfer coefficient by factoring out (7g — T,,). It is 


h)H:0 rad = 0.03824 [19] 


Spher 


Rt. circ. infinite cylinder, rad to s 
Rt. circ. cylinder, ht = diam; r 
Same; rad to spot on center of b 


Infinite ‘andar of half-circular cross section; rad to spot on center of flat side........... 


TRANSACTIONS OF THE A.S.M.E. 


TABLE 3 BEAM LENGTHS FOR GAS RADIATION 


Sones outside infinite bank of tubes with centers on equilateral] triangles; tube diam = 
Same, except tube diam = one half clearance....................2000085 
Same, except tube centers on squares, tube diam = clearance............. 
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MIXTURES OF CARBON DIOXIDE AND WATER VAPOR 


The total emission from a gas containing both carbon dioxide 
and water vapor is less than the sum of the emissions due to the 
carbon dioxide and to water vapor, each evaluated as though 
the other were not present, because the emission and absorption 
bands of the two gases overlap. The magnitude of the difference 
between actual emission and the evaluated sum is a function of 
PL, temperature, and relative concentrations of the two gases. 
This difference is designated by the symbol K defined and by the 
following equation 


= E. + — K 


Hottel and Mangelsdorf made the only extensive measure- 
ments of emission and absorption of radiation by mixtures of 
carbon dioxide, water vapor, and air. However, the accuracy 
of the determination of K was low since it involved differences of 
quantities of similar magnitude. 

Eckert (10) made calculations of this difference K from the 
monochromatic absorption data. These calculations are in fair 
agreement with the measurements of Hottel and Mangelsdorf. 
This correction term varies from zero at small PL’s to a maximum 
of 10 per cent of the total radiation at the highest PL’s for which 
emission measurements have been made. Hence it is not neces- 
sary to know K accurately when probable errors in the existing 
recommendations for gas emission are considered. Fig. 11 pre- 
sents the difference factor expressed as the percentage K’ by which 
(E£, + E,,) must be reduced to give E.+., plotted as a function 


of the ratio ———"—_ P, + P, for several values of P.L + P,,L. Since 
K’ varies with temperature and the chart is presented for use at 
all temperatures, K’ may be 50 per cent in error but this introduces 
at most a 4 per cent error in the calculation of the total radiant 
heat transmission from gases containing both carbon dioxide 


and water vapor. 


Errect oF GAs SHAPE 


The use of a definite value of PgL in calculating interchange 
between a gas mass and its bounding surface presupposes a gas 
shape for which path length L is constant in all directions through 
the gas. The only shape for which that limitation is applicable 
is a hemisphere of gas radiating to a spot on the center of its 
base. For actual gas shapes a suitable mean value of L must 
be obtained, the radius of an “equivalent” hemisphere. This 
problem has been presented in some detail (3), and for various 
gas shapes of industrial importance mean values of L have been 
given. Table 3, column 2, gives references for the various 
shapes studied. Hottel and Port (21) have shown that at very 
low values of PgL where Eg (or ¢g) approaches proportionality 


Factor by which D is 
multiplied to obtain 
mean beam length L 


Bibliographic Characterizing When For average, 
references dimension, D PGL = values of Pcl 
(18), (3) diam 2/3 0.60 
DOSES Te (18), (3) diam 1 0.90 
(10) diam 0.90 
diam 2/3 0.60 
(10) diam 0.77 
(10) radius 1.26 
separating 
(3), (20) } 2 1.8 
(3) edge 2/3 0.60 
shortest edge 
(3), (21) 1.18 
(21) 


clearance 
clearance 
clearance 


(3), (10) 
(3), (10) 
(10) 
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to PgL, the value of L for any gas shape radiating to its bounding 
walls approaches as a limit the simple expression, four times the 
mean hydraulic radius of the shape, i.e., four times the gas volume 
divided by the area of the bounding walls. For the range of 
PgL encountered in practice, the mean path length L is always 
less. A study of rectangular parallelopipeds of widely varying 
dimension ratios led to the conclusion that a satisfactory approxi- 
mation consists in taking 85 per cent of the limiting value, four 
times mean hydraulic radius. This simple rule works quite well 
for other gas shapes, as borne out by a comparison of the last 
two columns of Table 3, giving values of L for various gas shapes 
for PgL = 0 and for Pg in the industrially important range. 
Since in the latter range Eg (or eg) varies as about the 0.3 power 
of PgL, a 10 per cent error in choice of L produces only a 3 
per cent error in the calculation of heat transmission. 
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Kaplan Turbine Installations of the 
Tennessee Valley Authority 


By G. R. RICH! anv J. F. ROBERTS,? KNOXVILLE, TENN. 


Fight Kaplan turbines recently installed in the Pick- 
wick Landing, Guntersville, and Chickamauga plants of 
the Tennessee Valley Authority have a total capacity of 
300,000 hp at rated head, and in physical size are among 
the largest constructed. The paper reviews the function 
of Kaplan turbine plants in the Tennessee River develop- 
ment as a whole, the determination of turbine require- 
ments, the power-station arrangement, and noteworthy 
features of turbine design, construction, and erection. 


GENERAL DESCRIPTION 


HE development of the Tennessee River, in accordance 

with the terms of the Tennessee Valley Authority Act, 

comprises a series of multipurpose projects for the pro- 
vision of a channel for 9-ft navigation in the river from Paducah, 
Ky., to Knoxville, Tenn., the control of destructive floodwaters 
in the Tennessee and Mississippi River basins, and the generation 
of hydroelectric power. 

The prescribed navigation improvement is accomplished by 
means of locks and a continuous succession of pools, the mini- 
mum levels of which are governed by the drawdown which will 
afford a minimum but adequate navigation channel at the next 
project upstream, while the surcharge levels for flood control 
were fixed with reference to the resultant damage to cities, rail- 
roads, highways, and land. To augment the flow of the Tennessee 
River during the dry season and for the retention of headwater 


‘ Head Mechanical Engineer, Tennessee Valley Authority. Mem. 
A.S.M.E. 

* Principal Mechanical Engineer, Tennessee Valley Authority. 
Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940 of Tre 
AMERICAN SocreTY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


floods, storage projects are also provided at strategic locations on 
certain of the tributary streams. 

The cycle of operation of the reservoir system is dictated by 
fiood-control considerations during the winter and spring months, 
and by navigation and power requirements during the summer 
and autumn. This mode of operation is feasible because large 
floods on the Tennessee River, as at Chattanooga and below, 
occur only between the middle of December and April and are 
due primarily to the transit of typical seasonal storms along the 
river basin, starting at the western end and moving in a direction 
from southwest to northeast. 

Accordingly the basic program is to deplete the storage reser- 
voirs on the tributaries to low level by December 15, and to retain 
water in these reservoirs at safe rates in the interval between 
December 15 and April 15 and, subsequently, at higher rates 
governed by stream flow and use. On the other hand, the main 
river reservoirs are operated during the flood season with par- 
ticular reference to immediate needs at Cairo, IIll., and the lower 
Mississippi River, and are depleted in the fall to a level consistent 
with good navigation; surplus water from the river reservoirs 
being discharged between flood crests on the Mississippi. 

The major physical features of the various component projects 
are summarized for convenient reference in Fig. 2 and Table 1. 
With the completion of Kentucky, Watts Bar, and Coulter 
Shoals, the development will afford 650 miles of high-grade water- 
way, 9,000,000 acre-ft of flood storage (sufficient to reduce flood 
crests on the Mississippi 2 ft between Cairo and the Arkansas 
River), and 1,800,000 kw ultimate hydroelectric capacity. 


DETERMINATION OF PLANT CaPaciry 


In project planning, the ultimate capacity to be provided at 
each individual plant should be determined in advance, so that 
power-station intakes and draft-tube foundations may be pro- 
vided during the initial construction to accommodate the 
ultimate number of units required. 
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With the regulated flow at each plant established by operation from the standpoint of the power system as a whole. The 
of the reservoir system in the combined interest of flood control, method employed has been to determine the ultimate primary or 
navigation, and power generation, the determination of ultimate continuous energy output of the entire system of plants, based 
plant capacity for any particular project must be approached upon the regulated flow at each site, and to establish the corre- 


TABLE 1 PROJECT FEATURES 
R Power 


ead 


Size of Maximum Area at Volune Controlled for Best Present: Ultimate* Canacity During 
Lock Lift of Top of at Top Flood Lenrth of ill. Backwater Rated Effie Plant Plant Eich Flow - 
Chamber Lock Cates of Gates Storare Srillway 4 Lencth Head cioncy Capacity Capacity 192f=1927 Flood Tyve of 
Project (feet) (f20t) (acres) (acre-feet) (acre-feet) (feet) (socond-feet) (milos) (feet) (feet) (cr) (or) (cw) Turbines 
Kentucky? 110x600 73 256,000 6,100,000 bel 1,100,000 1Bliels 51 140,000 71,,000 Kaplan 
Piclorick Landing 110x60° 63 16,200 1,001,000 418,000 80 110,000 52.7 43 é 72,000 214,000 36,000 Kaplan 


Wilson 60x300° 90 16, 200 600,000 -- 2,212 629,000 1565 95 & 92 9 & 92 184,000 Lis, 000 419,000 Francis 


Wheeler x30 53 68,300 1,150,000 129,000 2,/,00 €£7,000 Thel Le 4,, 800 259,200 245,000 Propellor 


Guntersville x30 L5 70,700 1,019,000 282,000 720 625,000 82.1 36 37 72,900 97,200 69,000 Kaplan 
50,500 20,000 


Francis 


Hales Ber @x267 7 5,600 126,000 -- 1,200 -- 30.6 35 
353,000 720 600,000 59.0 36 Le 81,000 108,000 67,000 Kaplan 


Chickamauga 58 37,200 655.000 


90,000 150,000 150,000 Kaplan 


Watts per x30 70 41,600 1,132,000 370,000 800 550,000 72.4 52 57 


4,000 Kaplan 


“Coniter Shoals! 60x360 70 13,900 336,000 130,020 800 500,000 50.0 70 96,000 
2,020,000 300 5L4,000 72.0 165 180 100,800 100,800 100,000 Francis 


2,567,000 


Norris 


Hiwacsee 438,000 365,000 22h 130,000 22.0 190 200 57,00 115,200 115,000 Francis 


Blue Ridge? -- -- 3,290 197,500 183,000 110 55,000 10.0 147 -- 20,000 20,000 20,000 Francis 
Ocose No. 1? 1,320 76»700 25,900 - 765 110 18,000 18,000 18,000 Francis 
Ocoee No. 2” -- 250 -- 16,800 28, 200 18,000 Francis 


Francis 


Great Falls” 2,200 55,100 19,900 150,000 29,100 29, 1,00 29,000 


Under construction. 
Two lock chambers. ‘ 
Acquired by purchase of complete! projects; denendavle flood storare not fully determined. . 
Generating capacities are based upon actual performance which exceeds cuaranteed performance. 

Table 2 sives guaranteed capacities. 
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sponding ultimate peak capacity 
required for the entire system, on 
the basis of an assumed annual 
load factor of 60 per cent, together 
with an allowance of 15 per cent for 
machine outages and an additional 
allowance to compensate for the 
loss of capacity from decreased 
head at the river plants during 
extreme floods. Additional capac- 
ity at 100 per cent load factor is 
also provided to carry such high- 
grade secondary energy as may be 
available 75 to 80 per cent of the 
time. 

The minimum ultimate capacity 
assigned to any particular plant 
must be at least large enough to 
utilize the entire regulated flow at 
the site at a constant rate of de- 
mand or, in other words, 100 per 
cent load factor. The additional 
system peak capacity required for 
variable load demand is appor- 
tioned among the various projects 
largely in inverse ratio to the unit 
incremental capacity cost. The 
general effect of this method of 
apportionment is to provide peak- 
ing capacity at the plants having 
the higher heads, although con- 
sideration must be given to pos- 
sible pondage limitations and to 
the reduction of head during ex- 
treme floods. 


SELECTION OF TURBINES 


In the integrated power system, 
the Pickwick Landing, Gunters- 
ville, and Chickamauga plants 
will be operated at high capacity 
factor during periods of ample flow 
in the main river, and the tribu- 
tary plants at Norris and Hiwas- 
see will, as a general rule, be op- 
erated intermittently. Conversely, 
during periods of low flow in the 
main river, the tributary plants 
will operate at high capacity fac- 
tor, while main river plants like 


Maximum headwater elevation - feet 

Normal headwater elevation - feet 

Minimum headwater elevation et 

Normal tailwater elevation - feet 

Minimum teailwater elevation - feet 

Maximum tailwater elevation - feet 

Maximum head - feet (net) 

Minimum head - feet (net) 

Head for best efficiency and speed - feet 

Rated head = feet (net) 

Rated horsepower 

Maximum horsepower 

Generator continuous rating = 60° C, 0.9 power 
factor = kva 

Generator capacity - &° C, continuous at 0.°O 
power factor - kw 

Rated speed - 

Specific speed at rating - rpm 

Nead for runaway speed - feet 

Runaway speed - rpm 

Turbine manufacturer 

Generator manufacturer 

Number of units, present 

Number of units, ultimate 

Value of sigma at rating 

Diameter of runner at throat - inches 

Number of blades 

Blade adjustment 

Rated discharge - cfs at rating 

Peripheral coefficiency at rating 

Peripheral speed, turbine, runawey {pm 

Peripheral speed, turbine, normal fpm 

Discharge, coefficient of rates as orifice = C 
in CA4/2gh at rating from model test 

Blevation centerline of distributor - feet 

Elevation centerline of runner - feet 

Spacing center to center of units - feet 
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TABLE 2 TURBINE DESIGN DATA 
Guntersville Chickemauga iciwrick Lancing 

605 701 1,30 
5oL, 6&2 1,13 
590 673 L038 
555 635 356 
550 626 356 
600 67.5 L22 

52 & 

5 3.5 505 

37 Ls 56 

36 43 

36,000 


Weight of rotating element - turbine and generator - 


pound 
Head for maximum hydraulic thrust - feet 
Maximum hydreulic thrust - pounds 
Total load on thrust bearing 
Type of thrust bearing 
Capacity of thrust bearing - pounds 
of fenerator setting 
WRS of turbine and generator (1b-rt®) 
Type of scroll case 
Governor manufacturer 
Gate servomotor: 
Capacity - ft-lb (oil pressure 300 
Operating pressure = pepeteic 
Minimum time to close gates - seconds 
Speed droop adjustment 
Blade servomotor: 
Capacity - ft-lb (ofl pressure 300 p.p.r.i.) 
Vinimum time to open or close blades = seconis 
Maximum time to open or close blades - seconis 
Type of draft tube 
Splitter 
Velocity through intake trashracks, gross area, 
fpe at rated discharge 


Velocity at draftetube exit - fps at rated diecher)c 


Scroll case: 
Clear width between main piers - feet 
Thickness main piers - feet 
Number intermediate piers 
Thickness intermediate piers 
Offset centerline of turbine from centerline 
of scroll case 
Height of intake openings - feet 


Draft tube: 
Clear width between main piers 
Thickness main piers 
Number intermediate piers 
Thickness intermediate piers 
Elevation lowest point of tube 
Horizontal length of draft tude 
Meirht of draftetube openings feet 


*All generators HOecycle, 13,800-volt 


Note: Generating capacities listed in this table 
are guaranteed cepacities. The actual 
capacities obtained in operation are riven 


Pickwick Landing, Guntersville, 
and Chickamauga will be assigned 
to service at relatively low capacity factor. As shown in Table 2, 


27,000 30,000 40,000 
2), 300 27,000 36,000 
&.2 75 81.8 
145 161 163 
L2 52 & 
189 216 200 
S. Morgan Srith Baldwin Southrark Allis-Chalmers 
General Electric Allie-Chalners ouse 
i é 
1.12 1.32 0.9 
5 26 292 
5 6 


Automatic oil pressure 


9,500 at 36 ft 


Automtic oil pressure 


10,20 at 36 ft 


Autoratic oil pressure 
32,200 at 13 ft 


1.66 1.79 
13,100 15,970 14,900 
4,810 5,180 6,180 
+1430 
558 632 358 5€3 
519 623.04 39.50 
73,000 936,000 
52 
7,,000 1,052,000 
2 587,000 1,968,000 
Kingsbury King sbury 
2,000,000 2,075,000 
Umbrella Umbrella 
1,200,000 81,700,000 
Concrete Concrete Concrete 
Woodward Yoodward AlliceChalrers 
368,000 517,000 772,000 
250-300 250-300 250-300 
8 8 € 
5% 5% 
610,000 635,000 £87,000 
10 10 10 
lo 10 40 
Elbow Zlbow Elbow 
Yes No Yes 
hel 50 
Tel Te! 7.2 
66'0" 66'0" 6910" 
12"0* 14'0" 
2 2 2 
6'6" 616" 
5*0" 593" 
6610" 6610" 69°0" 
2 2 2 
6'0" 610" 
572 
a5 
2.54 25.54 23.0 


the generating units for these plants will be required to operate 
over a great range of load and head conditions; and, since the 
maximum head in all cases is less than 60 ft, movable-blade 
propeller turbines of the Kaplan type, with their characteristic 
high efficiency over a wide gate range, are ideally suitable. 

In the case of Chickamauga, which is typical of the run-of- 
river plants, the estimated continuous power available from the 
regulated flow is about 50,000 kw, and the ultimate installation 
to meet system-capacity requirements about 100,000 kw. In 
view of the immediate power-market conditions and present and 
future operating characteristics, it was decided that an ultimate 
installation of four 25,000-kw units, with three units installed 
initially, would afford the required degree of flexibility. In field 


operation the turbines exceed the guaranteed ratings so that the 
four units will have an actual capacity of 108,000 kw. 

Referring again to Table 2 and Fig. 3, the basic requirement of 
the turbine purchase specification is a machine capable of 36,000 
hp at a head of 36 ft, or during flood periods, with best effi- 
ciency and speed selected for 48 ft head, which obtains during 
the major part of the period of normal operation. With reference 
to cavitation, the bidder was required to state guaranteed horse- 
power outputs for the schedule of headwater and tailwater eleva- 
tions given in Table 3. 

At an early stage of the project design and well in advance of 
inviting bids, the manufacturers were given complete informa- 
tion pertaining to head and tailwater elevations and other gov- 
erning physical features, and were requested to comment on pre- 


39, at 39 ft 42,000 at 10 ft 2000 at t 
of 
tes, 
; 
a, ; 
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TABLE 3 CAVITATION AND EFFICIENCY TESTS AT BALDWIN 
LOCOMOTIVE WORKS OF CHICKAMAUGA TURBINE 
(Runner, 5-blade, 264 in. 75 rpm; 11-in. model runner for cavitation tests; 
16-in. model runner for efficiency tests) 


Allowable 
Allowable Horsepower 
Horsepower from Model 
Tailwater Headwater Head Guaranteed from Cavi- Efficiency 
Elevation Feet Horsepower tation Tests Teste 
630 674 44 42,000 44,100 49,500 
673 “3 42,000 45,900 56,500 
650 682 52 42,000 43,100 65,500 
634 674 a #,750 41,500 42,600 
634 673 “4 42,000 46,500 42,500 
634 632 “3 42,000 49,900 56,300 
638 672 M 35,200 $5,100 58,500 
638 677 39 40,000 42,000 41,500 
638 682 “4 42,000 48,000 49,500 
FLOOD PERIOD | von [MALARIA NORMAL OPERATION DRAWDOWN FLOOD 
eesr HEADWATER ees 
632 


ELEVATION IN FEET ABOVE M.S.L. 


440 


HEAD IN FEET 


435 


60 


“30 
a 
40 40 
o 
3 
30 30 
stimated Flow Requiated 
z by Norris, Hiwassee & 
Chickamauga Reservoirs. | 92° 
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liminary turbine specifications. By thus working in close co- 
operation with the turbine manufacturers, it was found possible 
definitely to specify the speed of operation, the elevation of the 
center line of the distributor, the unit spacing, and the depth of 
-draft tube, so as to afford a fixed common basis for bidding, and 
yet allow each bidder reasonable latitude for employing his own 
characteristic design. 


Testinc 

To avoid the difficulty of measuring large prototype discharges 
and to insure an ample margin of safety against excessive cavita- 
tion, acceptance of the turbines with reference to efficiency and 
cavitation was based upon laboratory tests of homologous model 
runners complete with homologous scroll cases and draft tubes. 
Acceptance with respect to capacity was based upon actual pro- 
totype performance. 
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The Moody formula was employed to compute the efficiency 
of the prototype turbines from the model-test results 


(Di) (H,)” 01 


Eff, = 100— (1 


Effi) 


D, = diameter of prototype runner 
D, = diameter of model runner 
H, = head on prototype turbine 
H, = head on model turbine 


Eff. = efficiency of prototype turbine 
Eff, = efficiency of model turbine 


The correction for head difference is comparatively unim- 
portant and has been omitted from specifications for turbines for 
plants now under construction. The correction for diameter is 
of governing importance and, in the case of the 16-in. model 
runners for the 264-in. Chickamauga turbines, converts a model 
efficiency of 87 per cent to a prototype efficiency of 93.6 per cent. 
The accepted method of employing the formula is to compute the 
correction for the point of maximum efficiency of the model and 
to add this single percentage to all the model-test results. 

Table 3 is abstracted from the cavitation-test results of the 
Chickamauga model tests conducted at the laboratory of the 
Baldwin Locomotive Works. It will be noted that cavitation is a 
limiting factor at the higher heads for which the tailwater is rela- 
tively low, but that, at the lower heads and higher tailwater eleva- 
tions, the capacity is limited solely by the ability of the runner 
to deliver power. 


PowER-STATION ARRANGEMENT 


Fig. 4 shows the general cross section of the Guntersville power 
station, which is typical for all three Kaplan plants. Because of 
low entrance velocities and care taken to inhibit the formation of 
eddies, the corresponding head losses are relatively small; and 
the intake structure is comparatively short and simple, designed 
essentially to give proper direction to the flow filaments entering 
the scroll case. On the other hand, the velocity of exit from the 
runner is relatively high; a considerable proportion of the tota! 
available energy still remains in the discharge leaving the wheel; 
and for proper efficiency a long draft tube is necessary to regain 
this energy. Under the hydraulic requirements mentioned, 
structural economy is readily obtained by designing the intake 
and draft-tube substructure as a monolith and utilizing their 
combined mass to sustain the hydrostatic load. 

Particular attention has been given to the economic elevation 
of turbine runner. Minimum turbine and generator costs are 
obtained by setting the turbine runner so far below minimum 
tailwater that the wheel diameter is no longer limited by cavita- 
tion requirements, but is established solely by the maximum 
power that the turbine runner is capable of delivering. How- 
ever, except for the case in which solid rock is covered by an 
exceptional depth of overburden, minimum structural costs re- 
sult from keeping the runner as high as possible with respect to 
tailwater, so as to reduce the volume of rock excavation, the 
hydrostatic load on the structure, and the yardage of concrete 
required for stability. Since the size of waterways is a function 
solely of the discharge necessary to produce the rated power at the 
rated head, variations in wheel diameter to meet the cavitation 
requirements, corresponding to various assumed runner eleva- 
tions, need cause no change in unit spacing, but merely affect 
the diameter of the upper portion of the draft tube in the vicinity 
of the runner. In case the manufacturer does not have model- 
test results available for the desired ratio of diameter of throat 
ring to size of draft-tube water passages, advance model tests at 
the purchaser’s expense may be warranted. Another considers- 
tion is that the larger wheels set at higher elevation have in- 
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Fic. 4 Cross Section oF GUNTERSVILLE PowER STATION 
(Turbine capacity: 34,000 hp, 36 ft head, 69.2 rpm. Generator capacity: 27,000 kva, 13,8000 volts, 3 phase, 60 cycles.) 


creased capacity at reduced head during flood conditions. Ob- 
viously, no sweeping generalization can be made, and the eco- 
nomic elevation of runner setting must be studied in close coopera- 
tion with the manufacturers for each particular plant so as to 
yield the highest ratio of net annual return to annual fixed 
charges. 

The adopted disposition of mechanical and electrical aux- 
iliaries is believed to utilize the limited space immediately adjacent 
to the generating units to best advantage so as to reduce the 
size of service bay toa minimum. The electrical bay is located 
downstream from the generator room where a foundation is 
provided by the long piers of the draft tube. For maximum con- 
venience in operation, and to give the shortest and simplest ar- 
rangement of high-pressure oil piping to the Kaplan head and 
the wicket-gate servomotors, the governor-actuator cabinets of 
the duplex type are located on the main floor of the generator 
room between the companion pair of generating units. With 
the governor actuators on the main floor, space remains in the 
main draft-tube piers, at the elevation of the inspection tunnel 
where there would otherwise be excess concrete, for a compact 
arrangement of draft-tube unwatering pumps and operating 
valves. This location of unwatering pumps in the main piers 
between units not only eliminates space which would otherwise 
be required in the service bay, but also materially reduces the 
length of suction lines and friction-head loss in unwatering the 
draft tubes. 

Because of the characteristic location of Kaplan runners 
from 10 to 12 ft below average low tailwater, and the necessity 
of providing ready facilities for inspection and maintenance, the 


draft-tube unwatering system, including draft-tube stop logs 
and a gantry crane, represents in itself a sizable investment. 
The unwatering pumps for each plant have an aggregate rated 
eapacity of 10,000 gpm at rated head and an actual capacity of 
about 16,000 gpm under average conditions. The pumps are the 
deep-well type with low-level runners, so as not to require prim- 
ing, and are capable of unwatering the draft tube completely in 
from 1 to 2 hr. 


TURBINE DEsIGN AND CONSTRUCTION 


In accordance with general practice, turbine contracts of the 
Tennessee Valley Authority stipulate that the manufacturer shall 
prepare and be responsible for the design, including the deter- 
mination of scroll case and draft-tube waterways, in conformity 
with the governing physical conditions and general requirements 
enumerated in the purchase specification. The authors will 
describe briefly, from the standpoint of the purchaser’s engineers, 
certain of the design elements covered in the specification, with 
the request that the manufacturers’ engineers amplify the treat- 
ment of design and construction features in the subsequent dis- 
cussion. 

Welded Construction. In view of the increasingly successful 
use of welded-plate construction in the heavy-machinery industry, 
the Authority’s specifications afforded bidders the option of em- 
ploying either cast-steel or welded-plate construction for the speed 
ring, head cover, lower guide-vane ring, discharge ring, gate-shift- 
ing ring, and wicket gates. Plate construction for the draft-tube 
liner and the upper pit liner is, of course, standard practice. The 
specifications required that the design of welded joints and con- 


he Ge, 
313 
ing 
lf 
1 
‘ + | is ‘ J 
: 
q 
- 
. 
¥ 


314 


nections and the fabrication of welded-steel parts conform to the 
Boiler Construction Code of The American Society of Mechanical 
Engineers, Section VIII, for Unfired Pressure Vessels. It was also 
stipulated that the welding conform to paragraph U-69 of the same 
code, and be stress-relieved, excepting the draft-tube liner, upper 
pit liner, and minor details, welding for which was specified to con- 
form to paragraph U-70. The contractor for the Guntersville 
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turbines, the S. Morgan Smith Company, employed welded 
construction very extensively and with very satisfactory results. 
Fig. 5 shows the welded speed ring of the Guntersville turbine. 
Turbine Shaft. Fig. 6, showing the cross section of the Chick- 
amauga turbines, is fairly typical of all three plants. Subsequent 
to the design of the Pickwick Landing machines, improved facil- 
ities at the steel-forging plants made it practicable to specify that 
the upper end of the turbine shaft be enlarged in forging so as to 
form the operating cylinder for adjustment of the runner blades, 
and flanged at the upper end for coupling with the generator shaft. 
The lower flange of the generator shaft forms the upper cover of 
the blade servomotor cylinder. This particular feature permitted 
the elimination of two large steel castings for the servomotor, 
which were formerly interposed between the turbine and gen- 
erator shafts, and two corresponding intermediate flanged bolted 
joints, leaving only a single flanged bolted coupling to be gasketed 
tight against possible oil leakage. The simplified detail has 
proved entirely satisfactory and much superior during shop 
assembly and field erection and alignment. The bottom connec- 
tion of the oil-pressure-supply lines, extending inside the generator 
shaft from the Kaplan head above the generator down to the 
blade-shifting servomotor, is made by screwed, rather than by 
flanged fittings, which were formerly used for the purpose and 
required that the coupling between the turbine and generator 
shafts be opened 10 or 12 in. to permit making the connection. 
The screwed fitting permits insertion or removal of the oil-supply 
pipes from above without dismantling the coupling. 
~ Turbine Guide Bearings. The main turbine guide bearings 
are the water-lubricated adjustable type with shoes of lignum 
vitae or a molded plastic material, such as bakelite or Insurok, 
while the corresponding shaft sleeves are a special corrosion- 
resistant steel. Water-lubricated bearings were selected in pref- 
erence to oil-lubricated bearings for three principal reasons: 
(1) Optimum location of the bearing for its primary function of 
support, immediately adjacent to the turbine runner with no 
stuffing box and oil chamber interposed between the runner and 
bearing; (2) most accessible and convenient location of stuffing 
box above the guide bearing, where adjustments can be made 
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while the unit is in operation; and (3) elimination of the hazard 
of burning out the bearing due either to the leakage of water 
past the stuffing box or flooding of the turbine pit during the 
rather frequent condition of high tailwater. 

In general, the problem of providing adequate lateral support 
is much more acute for propeller runners than for Francis wheels, 
owing principally to the relatively greater diameter and weight 
due to lower heads, and to the inherently greater hydraulic in- 
stability under low-gate conditions. It is characteristic of Francis 
wheels that the runner is located in elevation at about the center 
line of the distributor; and, consequently, the oil-lubricated 
type of bearings for such machines may be located above the 
head cover in a relatively free-draining position without in- 
volving an excessive distance between the bearing and the runner 
to be supported. On the other hand, because of the character- 
istic design of propeller-type turbines, in which the runner is 
placed 6 or 8 ft below the center line of the distributor, the oil- 
lubricated type of bearing, if adopted, must be placed in a rela- 
tively small, conical chamber down below the head cover in order 
to keep the distance between the bearing and the runner to be 
supported within acceptable limits. In the event of a defective 
stuffing box, even a low rate of leakage might soon fill the sur- 
rounding space and cause the bearing to burn out. 

Runner-Hub Lubrication. Correct lubrication of the mecha- 
nism within the Kaplan runner hub, which is continuously 
submerged under a head of from 10 to 60 ft, is an important ele- 
ment of design. The runner-blade trunnions, operating in bronze 
bushings under bearing pressures of between 2000 and 3000 psi, 
must be provided with an unfailing film of the proper lubricating 
oil, uncontaminated by grit and free from any appreciable amount 
of water. In addition, the hub oil has a second essential func- 
tion as a protective coating and inhibitor of corrosion for the 
many steel surfaces of the internal mechanism. 

By means of a revolving oil chamber, located on the main 
shaft just below the generator coupling, a continuous oil pressure 
of from 8 to 10 psi is maintained, sufficient to insure a steady 
supply to the trunnion journals. The revolving reservoir con- 
serves an appreciable volume of oil displaced during each down- 
ward movement of the main operating shaft into the runner hub. 

The runner-blade trunnions are sealed by means of a chevron 
type of packing, retained in the packing space under pressure 
between two stainless-steel rings. The arrangement is adequate 
to prevent either the infiltration of water and grit along the 
blade trunnions during high tailwater conditions or the loss of oil 
from inside the hub during operating conditions of high vacuum 
adjacent to the blades. Leakage of oil from the hub is restricted 
on the average to about '/, gal per day, and the design is so 
rugged that a tight seal is assured for several years of operation. 
The revolving reservoir is equipped with a sight-gage glass, by 
means of which, when the unit is stopped, the quantity of oil in 
the runner hub can be immediately determined and make-up oil 
added, if necessary. 

Simple and effective means are provided for draining any 
accumulation of leakage water which would, if neglected, en- 
danger the safety of the trunnion bearings and cause corrosion 
of the operating mechanism. Because it is heavier than the 
lubricating oil, any leakage of water along the trunnions will 
collect in the bottom of the hub when the unit is stopped. In the 
case of the Guntersville design, which is representative in prin- 
ciple for all three manufacturers, drainage of water from the 
bottom of the hub, under the static head of oil in the annular 
reservoir, is accomplished by drilling out the center of the blade- 
operating shaft so as to form a pipe communicating with the 
bottom of the hub and terminating at the upper end in a test 
connection, readily accessible at the exterior surface of the tur- 
bine main shaft above the stuffing box. 
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Alignment of Turbine and Generator Shafts. In conformity with 
the purchaser’s specifications, turbine and generator shafts, 
complete with thrust-bearing collars and generator rotor hubs, 
are fitted, coupled, and given a rotating-alignment check at the 
manufacturer’s plant prior to shipment to insure that the com- 
bined shafts are straight and that the face of the thrust collar 
lies in a plane perpendicular to the combined-shaft axis. 

Before operation of the unit, a field alignment check of the 
entire rotating assembly of the turbine and generator is made to 
demonstrate that the axis of rotation of the combined shafts does 
not depart from the vertical more than 0.003 in. at any point, 
also that the maximum diameter of circle described by any point 
on the shaft in rotating about that axis is not more than 0.01 in. 
This so-called rotation check is made with all turbine and gen- 
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erator guide bearings backed out, and with the entire rotating 
assembly simply suspended from the thrust bearing. The ro- 
tating assembly is turned, by means of a block-and-tackle ar- 
rangement attached to the rotor spokes, through four intervals of 
90 deg each and back to the original position. At each position, 
micrometer tram measurements are made between the turbine 
and generator shafts and four fixed suspended plumb wires. 
Any corrections necessary to plumb the shafts with respect to 
the vertical can readily be made either by the adjusting studs 
under the Kingsbury bearing shoes or by the insertion of ad- 
justing plates under the thrust-bearing supporting beams. If the 
throw of the shafts exceeds 0.01 in. on the diameter at any point, 
indicating that the thrust collar is excessively out of perpendicular 
to the shaft axis, the requisite field adjustments are more difficult ; 
and, consequently, every check should be made at the factory 
to insure that this feature is acceptable before shipment. 

Governors. The governors are of the cabinet actuator type 
with the entire mechanism, including the governor-flyball ele- 
ments, relay valves, motor-driven oil pumps, Kaplan valves, and 
Kaplan controls, enclosed in a compact cabinet, the base of which 
forms the sump tank. The governor controls and the requisite 
gages and temperature and pressure indicators are mounted 
upon the front face of the cabinet. 

In the Guntersville and Chickamauga plants, where three 
units have been installed initially, duplex actuators are pro- 
vided in a single combined cabinet located between the units. 
Owing to the necessity of providing clearance at the temporary 
end wall of the power station, individual cabinet actuators are 
provided for the third units and planned for the fourth units. 
At the Pickwick Landing plant two units were installed initially 
and provided with a duplex actuator. 

The governors are equipped with motor-driven flyballs, gear- 
type motor-driven oil pumps, cable-type restoring mechanisms, 
and welded-steel oil piping with flanged connections only where 
necessary for ease in assembling and dismantling. The operating 
oil pressure is between 275 and 300 psi. The oil piping and re- 
storing cables to the wicket-gate servomotor in the turbine pit 
are located in floor trenches entering the cabinet from below. 
The piping and restoring cables to the Kaplan head above the 
generator are located beneath the generator walkways and enter 
the actuator cabinet from above. 


CoNCLUSION 


Experience at the Pickwick Landing, Guntersville, and Chicka- 
mauga plants indicates that Kaplan turbines in the range of physi- 
cal size from 22 to 24 ft may be satisfactorily designed, con- 
structed, and erected to meet the exacting demands of variable 
head and load service. Engineers are frequently confronted 
with the question of whether still larger units might be eco- 
nomical, There are many obstacles to increased size, such as the 
difficulty of obtaining large steel castings for runner hubs and 
blades without a prohibitive percentage of rejections, and the 
difficulty of designing large complicated concrete substructures 
to withstand the attendant indeterminate shrinkage stresses with- 
out consuming a prohibitive interval of time for dissipation of 
setting heat during construction operations. It also appears that, 
although the practical limit of refinement in machine-shop toler- 
ances for such large heavy machinery has already been reached, 
still further refinement would be necessary in the case of larger 
machines to obtain, during field erection, the degree of accuracy 
in turbine and generator-shaft alignment required for the satis- 
factory operation of such large heavy rotating masses. In the 
opinion of the authors, the Pickwick Landing, Guntersville, and 
Chickamauga machines approach the maximum practicable size 
of Kaplan turbines which may be fabricated and erected with 
present facilities. 
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Discussion 


J. M. Mousson.* The authors state that efficiency tests on the 
prototype units are not contemplated to avoid the difficulty of 
measuring large unit discharges and that the step-up, based on 
laboratory tests, is being used as a criterion for the acceptability 
of the units. It would appear, however, that the reliance on the 
Moody step-up formula exclusively is not a guarantee for proper 
prototype performance because: (1) It was developed based on 
experience with Francis runners. (2) It rests exclusively on one 
manufacturer’s laboratory conditions and may not be applicable 
unconditionally to those of others. (3) Even under favorable 
conditions field experience thus far gained with propeller-type 
units of the fixed-blade or adjustable type indicates that no further 
increase in step-up may be expected above 150 in. runner diam. 
Some engineers even contend that with these types of turbines a 
gradual decrease in step-up could be expected above the maximum 
occurring at about 150 in. diam. 

It is believed that the complete negation of prototype testing 
is a serious handicap to progress in the art, particularly serious 
when this viewpoint is held by engineers associated with such a 
vast enterprise as the T.V.A. No one will contend that the period 
of development of the propeller-type turbine is over and, there- 
fore, continuous and substantial efforts are yet to be made and 
are imperative to achieve efficiencies closer to the ideal. 

In addition, it must be emphasized that the over-all costs per 
horsepower installed are an important factor. Certain expensive 
features adopted by one or the other turbine manufacturer re- 
main yet to be justified from an economic point of view. How- 
ever, no justification can be obtained without prototype testing. 
This was ably pointed out some time ago by one of the authors’ 
associates‘ to the effect that the economics of draft-tube splitters 
should be carefully investigated and that there was a real op- 
portunity as well as a necessity to do so with the completion of 
Wheeler and Pickwick Landing Dams. This opportunity is now 
even more striking with Guntersville and Chickamauga in opera- 
tion, both plants having Kaplan turbines of nearly identical 
dimensions but only the draft tubes of the former development 
are provided with draft-tube splitters. 

A recent feature of Kaplan turbines, referred to in the paper, is 
the adoption of cables for the restoring mechanisms instead of the 
rigid rods previously used. It would be interesting to know 
whether or not the prestressed cables stretch appreciably in 
service and, if so, what the permanent elongating characteristics 
are with relation to time. 

Based on past experience, the correct cam design controlling 
the gate-blade relation cannot be obtained through model testing 
and some form of index testing is required on the prototype units. 
It would be of value to know what types of index method are 
being employed on the various installations of the T.V.A. 


_F. Nacuer.§ The authors present comprehensively significant 
engineering data which cannot help but answer questions occur- 
ring to many engineers interested in hydroelectric power. 

It would be of interest if the authors would comment a little 
further on Table 3. It is not evident whether the tests for cavita- 
tion were made at the heads listed in the third column, or whether 
the cavitation coefficients were arrived at by testing the models at 
some other heads and simply applying the results so obtained. 
It is noted that the authors state the head difference, in connection 


3 Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. Mem. A.S.M.E. 

‘“Economic Aspects of Energy Generation,” a Symposium, 
Trans. A.8.C.E., vol. 104, 1939, pp. 942-1008; discussion by R. M. 
Riegel, pp. 1014-1015. 

Chief Engineer, Canadian Allis-Chalmers, Ltd., 
Canada. Life Member A.S.M.E. 
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with the application of the Moody formula, is comparatively 
unimportant, from which it might be assumed that the head 
differences for the cavitation tests may closely approximate those 
to be experienced in the powerhouse. 

The writer would like to ask whether some of the hydraulic- 
thrust figures shown in Table 2 have been checked by field 
measurements. The writer has quite a collection of such data, 
obtained by calibrating the deflection of the bridge by means of 
the fairly well-known weight of rotor, shaft, and runner, and then 
using this calibrated bridge to determine the additional hydraulic 
thrust. If such figures are available for any one of the three 
plants shown in Table 2, they would be of considerable interest. 

The care taken by the engineers of the T.V.A. in prechecking 
the turbine and generator shafts for alignment is particularly 
noteworthy. This seems to be an increasingly desirable practice. 
Did the authors find that shop tests showed comparable straight- 
ness and truth with the rotational check made in the field? 

It would also be of interest to have further comment on, or 
comparison of, the cable-type restoring mechanisms with the 
older torsional-shaft types. They seem to possess such ad- 
vantages in cheapness and flexibility of installation that any 
operating disadvantages observed should be brought out. 


R. E. B. Saarp.* The optional use of either cast or welded- 
plate steel as the material for the speed or stay ring, as well as 
for the other parts mentioned by the authors, is a sensible pro- 
vision in turbine specifications. The turbine manufacturer is 
thus permitted to take advantage of his preferred design and 
shop practice and in some cases to improve deliveries by the use 
of that material most readily available. The use of plate steel is 
preferable for those parts of the water passages subject to cavita- 
tion, such as the throat or discharge ring, due to its greater re- 
sistance to this action. Runner blades of steel plate, welded to a 
skeleton frame, would undoubtedly resist the cavitating action 
better than cast-steel blades, but the matter of strength and cost 
would be formidable problems. 

As brought out by the authors, the use of a water-lubricated 
bearing results in a minimum amount of overhang of the runner 
below the bearing. This is a desirable feature as affecting the 
critical speed of the shaft. With both runner and generator 
rotor overhung beyond the only two guide bearings provided, it 
is essential that these calculated deflections be a minimum.’ 

The actual amount of hydraulic thrust on the turbine runner 
can be readily determined in the field, by application of the 
principle that the deflection of the beams supporting the thrust 
bearing is proportional to the load. The deflection due to the 
known total weight of the revolving parts is measured with the 
turbine shut down, and again when in operation. The relation 
between the hydraulic thrust so measured, the runner-blade 
pitch at various radii, and the power developed can be used as a 
check on the effective-flow distribution through the runner. 

The intermittent turning of the runner blades under load 
through only a small percentage of a total revolution, with fre- 
quent periods without movement, prevents the maintenance of an 
effective oil film at the loaded portions of the blade bearings, 
with the result that a high coefficient of friction must be over- 
come by the blade servomotor, even though the runner hub is 
filled with oil. This coefficient is undoubtedly lower than it would 
be were the load on the blades not of a very live nature with some 
vibration to permit to some extent the seepage of an oil film into 
the desired locations. ‘ 


6 Chief Engineer, I. P. Morris Dept., Baldwin Southwark Divsion, 
The Baldwin Locomotive. Works, Philadelphia, Pa. Mem. A.S.M.E. 

7 “Lateral Vibration of Shafts,”” by L. F. Moody, Product Engi- 
neering, vol. 6, Feb., 1935, pp. 57-60; March, pp. 98-100; April. 
pp. 142-143. 
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The ideal method of lubrication with bushed bearings, such as 
are used, would be to have a continuously operating high-pressure 
oil pump which would provide an oil film at the desired points. 
The mechanical complications of such an arrangement with the 
possibility of derangement and consequent loss of such an oil 
film have so far militated against the use of such a feature. 

The use of antifriction bearings in the hub, of the roller or bali 
type, would greatly reduce the friction load. The lack of ade- 
quate bearings of this type of stainless steel, such as would be 
necessary to take care of possible water entrance into the hub, 
has been a deterrent in the adoption of this type of bearing. The 
nature of the live load on the blades, in conjunction with only a 
partial revolution with long periods at one position, and a conse- 
quent Brinelling action of the balls or rollers on the races, is an 
undesirable feature. While Terry has adopted with success this 
type of bearing in his design of automatic adjustable-blade 
runners, the writer is of the opinion that additional successful 
service experience is necessary to justify this type of bearing, 
particularly in view of the major operation required in the re- 
newal of such bearings, involving the removal of the runner from 
the unit. On the other hand, in spite of the high coefficient of 
friction with bronze-bushed bearings of the type which have 
become standard in Kaplan runners, no bearing renewals have yet 
become necessary to the writer’s knowledge although, in some 
instances, difficulty has been encountered due to the bushing 
turning with the blade shank in the runner hub. To prevent this 
action from occurring, it is good practice, by the use of dry ice, 
to shrink the bushing into the hub and retaining rings with re- 
sulting actual knitting of the bushing into the surrounding cast 
steel, which much more effectively prevents relative motion than 
any press fit. The writer believes that the use of molded plastic 
material for the bushings in the runner hubs, with some re- 
duced friction coefficient, has possibilities, as this material in 
certain instances has been found superior to bronze in its ability 
to withstand high bearing loads. 


AvuTHORS’ CLOSURE 


In connection with Mr. Mousson’s discussion, it should be em- 
phasized that the remarks of the authors with reference to model 
testing were purposely limited to commercial acceptance tests for 
Kaplan turbines. The results of research activities, including 
liberal use of prototype testing to explore debatable features of 
economic design, will be made available at some future date. 

The authors are under no delusion that the Moody formula is 
an instrument of extreme precision, but simply take the position 
that, in the present state of the art of current-meter gaging and 
the attendant possibility for interminable controversy, advance 
model testing furnishes a practical workable device having gen- 
eral commercial acceptability as a basis for contract. In this 
connection it is pertinent that manufacturers are not yet pre- 
pared to guarantee Kaplan-turbine efficiencies in excess of the 
order of 89 per cent. Whether or not the step-up relation holds 
within narrow limits is not material, because the tests exceed the 
guarantees by a comparatively wide margin; for instance, model 
tests on a 16-inch runner show an efficiency of 87 per cent, which 
steps up to 93'/. per cent for a 22-ft prototype, exceeding the 
guaranteed efficiency of 89'/, per cent by a 4 per cent margin. 
Conceding Mr. Mousson’s statement that the Moody relation 
is not dependable for prototype diameters exceeding 150 in. 
(although the authors know of no concrete evidence to support 
such a contention), it is reassuring to note that a 38-in. prototype 
of the 16-in. model would have a Moody efficiency of 89'/; 
per cent, and a 150-in. prototype would show 92'/: per cent, which 
exceeds the guarantee by 3 per cent. The point is that, under 
the present range of contract efficiencies which are available 
to the purchaser of Kaplan wheels, absolute refinement in step- 
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HYDRAULIC THRUST DETERMINATIONS 
Chicka- 


TABLE 4 
Gunters- 

Wheeler ville mauga 
803,000 973,000 936,000 
0.018 0.031 0.028 
0.042 0.0538 0.053 


1,070,000 687,000 836,000 


914,000 1,052,000 
42.6 49 


Dead load: rotor, shaft, and runner, lb.. 
Deflection, generator bridge, dead load, in. 
Maximum eflection when operating, in. 


thrust, computed from de oflec- 


lb 
Hydraulic thrust, estimated by manufac- 
turer, 
Gross head during tests, ft. 
Maximum head assumed for thrust esti- 
mate, ft.. A 52 42 
opening “for maximum ‘thrust, per 
ent 


1,190,000 
46.7 


100 60 40 
5 


Blade tilt for maximum thrust, per cent. Fixed 55 


ping up efficiency acceptance tests is of merely academic interest. 

Mr. Mousson asks what amount of stretch has been found in 
the cable-type restoring mechanisms for Kaplan turbines. Over 
the first year of operation the permanent elongation or stretch 
appears to be in the neighborhood of '/is in., which is insignifi- 
cant in a 40-ft length with a movement of 24 to 836 in. Readjust- 
ment is very simple and requires about two minutes. There is 
some elasticity to these cables, and tests indicate that they may 
fail to show gate movements of 0.2 of 1 per cent and less. 

To determine the proper shape of the cam controlling the gate- 
blade relation, Winter-Kennedy-type taps are used, readings 
being taken with two or even three sets of taps giving different 
coefficients, at five to seven different blade tilts and at least six or 
seven different gate openings, resulting in 30 to 36 test points 
at each head. From these data, by plotting curves of KW/D'??, 
the optimum blade angle for each gate opening can be readily 
established, independent sets of Winter-Kennedy points being 
used to confirm this determination. While different sets of taps 
sometimes show slightly different characteristics, the correspond- 
ing determinations of the proper blade angle usually coincide 
within very narrow limits. 

Referring to Mr. Nagler’s comments, the cavitation tests shown 
in Table 3 of the paper were made at the new cavitation labora- 
tory of the Baldwin Southwark Corporation, with heads varying 
from 15 to 27 ft, averaging about 20 ft. The cavitation coef- 
ficients so obtained were applied without correction to the proto- 
type conditions. The model efficiency tests were conducted under 
even lower heads, between 2 and 4 ft, and the corrections for 
head in the Moody formula were neglected in stepping up these 
efficiencies. The horsepower of the model was computed directly, 
no correction being made for increased efficiency. 

The hydraulic-thrust figures contained in Table 4 have been 
obtained by measuring generator bridge deflections with dead 
load and with hydraulic thrust. 

Shop checks on the individual and the combined shafts have 
been reliable, especially for checking coupling alignment. How- 
ever, with generator construction such as used at Guntersville 
and Chickamauga, where the generator thrust collar is a separate 
piece, shrunk and keyed to the generator shaft, several cases have 
oceurred which indicate that these collars shift under load, 
sometimes throwing the rotating parts out of true position. 
The writers now specify integrally forged thrust collars as the 
best assurance against such type of misalignment. 

Mr. Sharp’s suggestion of the possibility of using some form 
of molded plastic material for the runner hub bushings is inter- 
esting, especially if it would permit water lubrication. Main- 
taining oiltight seals around the runner-blade trunnions, with 
provision for refilling with oil, and draining out any infiltrating 
water add considerably to the cost and complicates the design. 
With molded plastic bearings and either bronze or stainless sleeves 
provided on the trunnions, the hub could remain full of water, 
thus reducing the cost and possibly eliminating the use of oil, 
particularly in the smaller sizes of units. 

The authors wish to thank those who have discussed the paper 
for their valued comment. 
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A Study of the Development of Skill During 


Performance of a Factory Operation 


By RALPH M. BARNES,' IOWA CITY, IOWA, anv J. S. PERKINS,? CHICAGO, ILL. 


While in general the many studies into the nature of 
skill have been concerned with the total time required to 
accomplish a given task and the influence on time values of 
varying conditions pertaining to a specific operation, this 
paper is primarily devoted to a time study of the elements 
entering into the performance of an industrial task. The 
investigation constitutes a pioneer effort to study the 
effect of practice on a typical factory operation, conducted 
under laboratory conditions. 

The work was undertaken jointly by the Western Elec- 
tric Company and the University of lowa. The equipment 
was made, the tests were run, and the data were compiled 
in the industrial engineering laboratory at the University 
of Iowa. The statistical work, tabulation of results, and 
other activities incidental to the preparation of the final 
report were handled in the offices of the Western Electric 
Company. 


INTRODUCTION 


F CURRENT and outstanding interest in the industrial 
(Yin of today are those problems related to the teaching, 

the acquisition, and the measurement of skill. The im- 
portance of the subject is reflected in the many studies which 
educational institutions, industrial organizations, and psychologi- 
cal laboratories have made relative to the nature of skill. 

All of these investigations are concerned with the time re- 
quired to accomplish a specific task and with the manner in which 
varying conditions can affect such time values. However, prac- 
tically all investigations to date have been concerned with the 
total or cycle time required for performance of a specific task, 
and have given only limited attention to the time required for 
performing the various therbligs* of which any task consists. 
The present investigation has taken this further step, and has 
been directed primarily at study of the change in therblig time 
values resulting from practice in performing an industrial task. 

The various aspects of the study on which information was 
sought are as follows: 


1 To study the effect of practice on a typical factory opera- 
tion carried on under laboratory conditions. 

2 To study the learning curves of the various elements of the 
operation as they were performed by each of the different sub- 
jects. 

3 To study the consistency between subjects in learning the 
same element. 

4 To study the effects of “speeding” and ‘“‘soldiering.” 


1 Professor of Industrial Engineering, and Director of Personnel, 
College of Engineering, State University of lowa. Mem. A.S.M.E. 

2 Industrial Engineer, Western Electric Company. 

? Work has been arbitrarily divided into eighteen common elements 
called therbligs. For further information, refer to ‘‘Motion and Time 
Study,” by Ralph M. Barnes, second edition, John Wiley and 
Sons, Inc., New York, N. Y., 1940, chap. 6. 

Contributed by the Management Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


5 To study dispersion and its relation to the average per- 
formance time. 

6 To study the effects of fumbling on the normal learning 
curve. 

7 To study the several ways in which a transport load and 
pre-position element was performed. 

8 To examine the effectiveness of several rating techniques 
on data of known quality. 

9 Finally, to study the effect of practice on the relation of eye 
movements to hand motion.‘ 


TRANSITION From Purpose TO METHOD 


In order to study the effects of learning on the elements of an 
operation or industrial motion cycle, it was regarded as most fea- 
sible to set up under laboratory conditions the operation of feed- 
ing parts to a punch press. This motion pattern was selected 
primarily because: 

1 Itisan extremely common motion pattern in industry, being 
very similar to punch-press work, as well as to other operations 
such as feeding parts to tapping machines. 

2 It is short and thereby offers the opportunity for a high 
degree of learning in comparatively little time. 

3 It is a complex operation requiring coordinated action of 
both hands, the eyes, and one foot (for pressing a pedal). This 
complexity offers opportunity to study the acquisition of skill 
over a variety of elements. 

The part being fed into the punch press was a relay spring, 
Fig. 1. 

The operation was performed by grasping a relay spring from 
the supply tray by the left hand. The left hand then turns the 
spring so that it may be grasped properly by a pair of tweezers. 
The tweezers are held in the right hand and, accordingly, then 
the part is passed from the left hand to the tweezers in the right 
hand. The right hand locates the part in the die, releases hold 
of the part, and returns for another part. As the right hand 
reaches for the next part, a pedal is pressed which ejects the part 
at the back of the die. 

Fig. 2 shows one cycle of the operation. Frames 3 to 6 show 
the left hand reaching for a selected relay spring. Then the 
attention shifts to the die to locate the part held by the right 
hand, frames 6 to 12. During this time (frames 6 to 12), the 
left hand is pre-positioning the next part for the tweezers. Now, 
reverting to the part held in the tweezers; when this part is lo- 
cated in the die the tweezers in the right hand reach for the part 
held by the left hand. As the right hand is reaching, the pedal is 
pressed, ejecting the part from the die. The attention at this time 
is directed in transferring the part from the left hand to the 
tweezers in the right hand, frames 13 through to frame 2. 

Fig. 3 is a schematic diagram showing the paths of the hands, 
and the points of fixations of the eyes as laid out over the work- 
place. 

LABORATORY EQuIPMENT 


Equipment Used in Performing Motion Cycle. The equipment 


4 Because of the limitations of space not all of these nine aspects of 
the study are presented in this paper. For full details, refer to 
University of Iowa Studies in Engineering, Bulletin 22, University 
of Iowa, Department of Publications, Iowa City, Iowa, 1940. 
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was so made and arranged as to impose on the subjects the same 
demands and limitations surrounding the motion pattern of 
punch-press work in an industrial shop. The part Fig. 1, used 
in the laboratory study, was in the same condition as when used 
in the shop. It was irregular in shape but all in one plane. 

The laboratory equipment does not “process” the part. The 
part is merely located in the die, as though to be formed, and then 
ejected without being formed. A total of 250 parts were thus 
used over and over again during the run of the experiment. 

A pair of aluminum punch-press tweezers, 3/3 in. thick and 


Supply Tray of 
Parts 


Path of Left Hand 
Visual Pattern 
Path of Right Hand 


Supply Tray of 
Parts 


ape 


Path of Left 


Visual Pattern 
Path of Right Hand 


Fic. 3) COMPARISON OF VISUAL 
PATTERNS 


7'/2 in. long, exactly the same as used in the shop for this opera- 
tion, were used in grasping the part from the left hand and then 
placing the part in the die. In order to record the opening and 
closing of the tweezers, a 6-v circuit was completed at the instant 
the tweezers closed. This circuit, working through an electric 
relay, operated one of the pencils on the kymograph. By mak- 
ing a series connection to both points of the tweezers, the kymo- 
graph pencil Fig. 4 would jog laterally on the tape when the 
tweezers closed; when the tweezers released the part opening 
the circuit, the pencil would jog back to its original position. 

The die used in the study was made in the University of Iowa, 
mechanical-engineering laboratory, and was similar to common 
shop dies. Three, bullet-nosed pilot pins were used to locate the 
part in the die. The die operated by a cord attached to the foot 
pedal in such a way that, when the subject pressed the foot pedal, 
as a shop operator would to trip a press, the die rotated 180 deg. 
ejecting the part with a loud thump as the die hit the stop. 

The pedal also operated a Veeder counter, used primarily to 
keep a count of the cycles of practice during the practice periods. 
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Equipment Used for Measuring and Recording 
Time. The kymograph, shown in Fig. 4, is a de- 
vice for measuring and recording time with great 
accuracy. This machine was built in the industrial- 


engineering laboratory at the University of Iowa. pencn a 
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Narrow paper tape is drawn across the kymograph 
table and under solenoid-operated pencils by means 
PENCIL C 


PENCIL 
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of two rollers driven at uniform speed by a syn- 
chronous motor. 

Opening and closing electric circuits by means of 
photoelectric cells and switches causes the pencils 
to move laterally, making jogs in the lines drawn on 
the moving strip of paper, Fig. 5. The tape travels 
at a uniform velocity of 1914 in. per min. 

Four pencils were used for recording time in this 
study. The work of the left hand was divided into 
three elements, the work of the right hand into three 
elements, and the work of the foot into two ele- 
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Repropuction oF One Cyc_e oF REcorp By SoLeNOID-OPERATED 
PEeNcILS ON KYMOGRAPH 


ments. Fig. 5 is a reproduction of the record made 


by the solenoid-operated pencils for one cycle of the 


operation. 


Time per 

Camera and Projecting Equipment. Motion pic- be tome: 
tures were taken by the Eastman Special and Bell 

and Howell 70-E cameras. Color pictures were taken 0600 


of one subject for demonstration purposes and of 


@ Practice Period* 


another for frame-by-frame analysis. 
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The pictures were taken at 1000 frames per min 


Kymogreph* 
(Recompiled Average) 


with the camera always started on a full-wound 
spring. These cameras were checked, showing that 
an error of not more than 2 per cent occurred from 
full-wound spring to the automatic stopping point. 


SCHEDULE OF PRACTICE AND SAMPLING PERIODS 


© Kymogreph* 


(Raw Average) 


(*) average of six subjects 


It is generally recognized that short and frequent 


periods of instruction and practice produce greater 


skill in shorter time than longer and infrequent 


periods. This consideration was regarded as im- 


portant in arranging the schedule which was for 500 


cycles a day, 5 days a week, Monday through Fri- 


day inclusive for the 5-week run. 


The practice periods were divided into two parts 


.0200 


of 250 cycles each, the time being taken on each 


of the two runs. On days scheduled for timing by 


the kymograph and camera, the first run as a prac- .0100 


tice run was for 250 cycles, the second run was for 


200 cycles, and the third run was for 50 eycles. 


When obtaining a sample of 50 cycles by means of 


the kymograph it was necessary to have the subject 


actually perform about 75 cycles. The unrecorded 
practice amounts to not more than 2 percent. It 
is, however, about the same for each subject and 
for the purpose of this experiment believed to be of 
minor importance. 

Definitions. ‘‘Practice’’ normally refers to the period of work 
in which the subject is diligently applying himself to.learning the 
motion cycle, as described. 

‘‘Sampling”’ refers to the use of the kymograph as a means of 
timing elements of cycle. It also includes taking moving pictures 
both for analysis in terms of the therblig times and as a means of 
sampling for demonstration purposes. 
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THE SuBJEcTSs 


The six subjects who performed the work in these experiments 
were all students at the University of Iowa and undertook this 
work voluntarily in the interest of furthering a promising experi- 
ment. A consideration of the physical make-up of these students 
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LEARNING CURVES; 


Cycles of Practice 


CoMPARING KymoGrapH Data Wits Practice- 
Perrop Data 


leads to the conclusion that there is no significant difference be- 


tween them and employees encountered as applicants for indus- 
trial work of this sort. 


INTERPRETATION OF RESULTS 


Elimination of Abnormal Observations. In the raw data, it was 
noted that there were occasional observations far removed in 
value from the rest of the group. Such values have little effect 
on the average but have considerable effect on the standard de- 
viation. To avoid the effect of these abnormal values, a refining 
process was applied to the data to eliminate each value more than 


two standard deviations removed from the arithmetic mean. 
The procedure was to: 
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1 Compute the arithmetic mean. 

2 Compute the standard deviation. 

3 Eliminate from data all values more than two standard 
deviations distant from the arithmetic mean. 

4 Recompute the arithmetic mean; this figure is referred 
to as the “recompiled average.” 

5 Recompute the standard deviation of the refined data; 
this figure is referred to as the ‘recompiled standard deviation.” 

The average of the recompiled cycle times is also shown in Fig. 
6, and demonstrates that the extreme values were of the greater 
magnitude. The difference between the raw data and the re- 
compiled averages ranges between 2.8 and 3.7 per cent. 

Analysis of Therblig Combinations. Definitions for therblig 
combinations are given in Table 1. The data collected in this 
experiment permit study of the manner in which the time re- 
quired to perform individual therbligs or combinations of ther- 
bligs varies as skill is acquired. This study permits a considera- 


TABLE 1 
Mem- 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


tion of the manner in which the over-all learning curve is 
built up from the learning curves of the elements within the 
cycle. 

Some of the learning curves take the general form of total 
cycle-time curves encountered in the literature. In other cases, 
the final proficiency attained is but slightly different from the 
pace set at the very beginning of the study. Finally, in those 
therbligs which are not necessary to the attainment of the best 
cycle time, it is found that there is no real consistency by sub- 
jects and that the tendency, if any, is to retain the starting time 
and perhaps starting method rather than to improve the time for 
such unimportant therbligs. 

For some therbligs there is a comparatively wide range of dis- 
persion among the subjects and for others there is but little vari- 
ation in the final time required for performance. The therbligs 
will now be considered individually. Cycle-time learning curves 
are given in Fig. 7. 


DEFINITION OF THERBLIG COMBINATIONS: FOR KYMOGRAPH STUDY 


ber Therbligs 


Definition 
Acts of relinquishing con- 
trol and reaching for 
next part 


Act of obtaining control 
of a part 


Beginning of End of 
measurement measurement 
From instant tweezers Until hand _ interrupts 


are closed on part 


From instant hand inter- 
rupts beam of light 


beam of light in reach- 
ing for a part on supply 
platform 

Until hand has complete 
control of part, allow- 


TL,PP&H Act of turning part ready 


to be grasped, carrying 
it into transfer area 
and holding it while 
tweezers close on it 
(TL&D Motion carrying part to- 
| ward die 


The acts of directing 
visually part to nest; 
assembling part in 
nest, and opening 
tweezers 

Acts of moving tweezers 
for next part and gain- 
ing control of part 


he A delay in action of pedal 


Right 
hand |P,A&RL 
(RH) 


movement 

Acts of pressing pedal 
down and withdrawing 
foot 


ing beam to activate 
photocell as hand is 
drawn 


from supply 
table 
From instant hand leaves Until tweezers are closed 
beam of light on part 


From instant tweezers Until part and tweezers 
are closed interrupt beam of light 
located over and at 
front edge of die 
From instant beam of Until tweezers open 
light over nest is 
broken 
From instant tweezers Until tweezers are closed 
open on next part 
From instant tweezers Until die begins to dis- 
open charge parta 
From instant mercury Until mercury switch 


switch completes cir- 


1 opens circuit 
cuit 


a The mercury switch is activated by the ay which ejects the part and also rotates a fast-moving 
i 


cam, thereby tipping the mercury switch. 
the circuit, thus effecting a compensating factor. 


s delay also occurs in the reverse process when opening 


Subject Mo. 4 


The same scale is wed for al) 


A.M. denotes arithmetic asan. 
denotes standard deviation 
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Lert-Hanp (LH) Operations 


Release Load and Transport Empty (RL&TE). This is the 
element of the left-hand releasing the part previously grasped by 
the tweezers and then reaching to the supply tray for the next 
part. The trend of the average time from first sample to last 
sample shows that this element is one in which practice has con- 
siderable effect on the performance time. The time was reduced 
to 45 per cent of the starting time. 

This is an interesting observation, especially in consideration 
of what the subject was doing. It is during this element that he 


Fic. 8 LearninG Curves or Cycie Times AND ELEMENTS; COMPOSITE OF Stx SuBsEcTS; ARITHMETIC MEAN AND 
STANDARD DEVIATION 


1 2 3 4 5 6 Avg 


Ratio of final performance 
time to original time, per 


cent 59.82 33.78 44.54 52.23 45.82 36.53 45.45 


looks at the supply of parts, selects a particular part, and then 
considers how he will transport load and pre-position the part be- 
fore he grasps it. There are four ways of pre-positioning a part, 
depending upon which of the four possible ways the part is for- 
tuitously reposing in the supply tray. It seems that the poor 
initial time of some of the subjects may be the result of indeci- 
sion during the process of determining how to pre-position. 


Time 
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As soon as the subject completes this selecting part of the 
task, he looks to the die to direct the right hand, so he then in- 
mediately has another mental problem. Since these mental 
problems are solved in chronological order, mental agility is an 
important factor in the TE therblig time. The decision time is 
probably the predominant part of the element time at the out- 
set, but reduces to become a minor influence in the later stages. 

A study of the standard deviation shows a reduction in the 
early stages and a rise toward the final stages in the study. The 
reason for this is not readily evident but, undoubtedly, the phe- 
nomenon carries some significance because it is contrary to nor- 
mal expectancy. The subjects generally show the same trend 
both in change in the average time and in the standard deviation. 

Grasp (G). Because of the nature of the timing apparatus, 
the grasp includes a little of the transport motion. Other than 
this, the subject’s visual attention at this stage of the cycle is in 
directing the right hand to place the part in the die. 

Three of the subjects required more time at the end of the 
study for this element than they did at the beginning.’ The 
general trend, however, does show a slight reduction in time. 
The average of the individual scores shows that the final stage 
amounted to 65.65 per cent of the time for the initial performance. 


Subjects 
1 2 3 4 
Ratio of final performance 
time to original time, 
106.93 68.86 66.60 54.26 54.01 43.21 65.65 


5 6 Avg 


In studying the trends of the standard deviation of the learning 
curve there is a common trend for the final performance to have a 
lesser deviation than the first performance. 

Transport Load, Pre-Position and Hold (TL,PP&H). This 
element is the one in which the part is carried by the left hand to 
the tweezers; it includes turning the part ready to grasp and is 
held in place until the tweezers close. 

There is a strong tendency rapidly to decrease the performance 
time. In considering the “last sample to first sample ratio’’ the 
reduction is to 38.12 per cent of the starting time. 


— 


1 2 3 5 6 
Ratio of final performance 
time to original time, 


per cent 35.54 19.15 48.81 35.53 27.11 62.57 38.12 


A study of the graphs Fig. 8, indicates a rather strong tendency 
to conform to the normally conceived learning curve. 


Ricut-Hanp (RH) Operations 


Transport Load and Delay (TL&D). This is the element of the 
cycle in which the right hand carries the part held by the tweezers 
toward the die. It does not include placing the part in the die. 


: 1 2 3 a 5 6 
Ratio of final performance 
time to original time, 
per cent 


Ave 
43.04 33.49 50.45 37.88 43.72 38.79 41.23 


The table shows a fairly consistent reduction in time and the 
graph shows the curves to be quite normal and without peaks or 
flutter, averaging 41.23 per cent of the starting time. 

It is during this phase of the cycle that the attention of the 
eyes is directed toward the selection of a part, and also in directing 
the left hand to the part. Also, during this element the eyes 
shift to the die and thus the attention is shifted to the direction of 
the right hand. As the part held by the tweezers penetrates the 
beam of light in front of the die, the element is terminated. 

Considering what is going on during the element, the mental 

5 All subjects to a minor extent performed slight variations in the 


cycle at the outset of the study. However, practice had the effect of 
making all subjects perform more like the instructed method. 
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task of selecting, the directing of a hand, the shifting of the eyes 
to the die and the shifting of the attention to a different problem, 
the consistency of the progress is surprising, as is also the con- 
sistency of the standard-deviation learning curve. It is also 
noted that the coefficient of variation is particularly low for this 
element. 

Furthermore, this particular element is one in which, possibly, 
a visual pattern change might be manifested. After a few thou- 
sand cycles of practice, subjects would now and then use only two 
fixations to a cycle while at other times they use three fixations 
per cycle, according to the original instructions. 

Position, Assemble, and Release Load (P,A&RL). This element 
is for the short motion in locating the part in the die. 

The impression from first observation of the data is that this 
series is a most erratic group of learning curves. Two of the sub- 
jects, after several hundred cycles of practice, took more time 
than for the initial sample. Five of the subjects took more time 
in the last sample than they did in the previous sample. In 
addition, there were other peaks and mounds. However, the 
final study shows that, on the average, the subjects were per- 
forming in 66.7 per cent of their starting time. 


j ts- 


Av, 
Ratio of final performance . 
time to original time, 


per cent 67.03 52.69 52.81 90.54 74.91 62.18 66.69 


In the section of therblig findings based on the film data, it was 
found that the RL was performed very consistently, conse- 
quently if the RL were deducted, the remaining P and A must be 
the erratic elements. 

In reviewing what is taking place, it should be noted that it is 
this phase of the cycle in which the part is placed over the pilot 
pins. And although the pilot pins facilitate the positioning, in 
many cases the subjects do not locate the part exactly right in 
the first locating movement, and small adjustment movements 
are necessary. If the subject tries to perform this motion too 
fast, he probably will misplace the part and waste time in re- 
covering it. Less over-all time would be required if the subject 
worked more slowly but exactly. 

The standard-deviation learning curve is likewise erratic for 
each subject and also leaves much to be explained. The co- 
efficient of variation for this therblig exceeds that of any others. 

Transport Empty and Grasp (TE&G). This element follows the 
release of the tweezers at the die. The TE&G includes the reach- 
ing of the right hand and tweezers to the transfer area, and the 
closing of the tweezers on the part. 


1 2 3 4 5 6 Avg 


Ratio of final performance 
time to original time, 
per cent 


83.62 43.94 60.61 47.32 46.86 49.42 55.3 
Rigut-Foor (RF) Operations 


Pedal Delay (PD). This element is defined as the delay be- 
tween the opening of the tweezers and the closing of the mercury 
switch actuated by the foot pedal. 


«6 5 6 Avg 


Ratio of final performance 
time to original time, 
68.43 99.84 62.52 14.34 60.20 74.23 63.26 


The inconsistency of data in the learning trend for each subject 
as well as the inconsistency between subjects shows that these 
curves involve a phenomenon distinctly different from that 
previously encountered. 

The subjects were instructed to press the pedal as soon as the 
part in the die was released. However, since a fast follow-up in the 
foot action after the release does not necessarily reduce the cycle 


|_| 

5 

7 

ie 

| 


BARNES, PERKINS—STUDY OF DEVELOPMENT OF SKILL DURING A FACTORY OPERATION 


time, the subjects all floundered around, trying faster and slower 
times as they pleased. More than 50 per cent of the time the 
foot was not busy, so it really made little difference how fast or 
slow the subjects coordinated the hand RL with the pedal TL. 
Accordingly, each subject took whatever time suited him. 

It is interesting to note that only one subject early in the study 
seemed to find a rhythm which she tended to maintain through- 
out the study. 

Transport Loaded and Transport Empty (TL&TE). In some- 
what the same respect, the TL&TE is considered. This element 
is the time to press and release the pedal. 


Subjects — 


1 2 3 4 5 6 Avge 


Ratio of final perform- 
ance time to original 
time, per cent....... 


118.07 121.38 68.91 118.68 67.70 42.02 89.46 

There is no consistency within the individual studies, except 
in the case of one subject who tended to perform in about the 
same time throughout the study; and there is no consistency 
between subjects. This element is analyzed as one which is not 
important in cycle-time performance, consequently, the subjects 
perform it just as they wish to. 


FUMBLES AND DELAys 


In analyzing the motion-picture film of one of the subjects, 
fumbles or delays were noted in varying frequency among the 
several therbligs. Relating the number of fumbles and delays to 
the total number of cycles shows clearly which are the trouble- 
some elements. 

Any hand movement not performed in accordance with in- 
structions has, for the purpose of this study, been considered a 
fumble. Any retardation not necessitated by the methods as 
prescribed has been considered a delay. For example, when the 
left hand holds the part for the tweezers to grasp, the therblig is 
an instructed hold; however, were there a fumble in bringing the 
part to the grasping area, causing the hand to wait for the part, 
then the delay occurring in the grasp therblig of the right hand 
would be included as a delay. In this way a fumble or delay by 
one hand can result in a delay for the other hand. Table 2 shows 
in which therbligs and to what extent the trouble occurs by per- 
centage, at the various stages of acquisition of skill. 


TABLE 2 PERCENTAGE OF THERBLIGS IN WHICH FUMBLES 
OR DELAYS OCCURRED 


After —-Left hand Right hand 
practicing, TL& 
cycles RL TE G PP H H P&A RL TE G 
50 0.0 87.5 25.0 50.0 0.0 0.0 50. 6.3 56.3 0.0 
1050 0.0 6.7 40.0 93.3 0.0 0.0 73.3 0.0 0.0 6.7 
2550 0.0 0.0 76.7 56.7 0.0 0.0 70.0 0.0 0.0 23.3 
5050 0.0 0.0 26.7 54.8 0.0 0.0 74.2 0.0 0.0 29.0 
7550 0.0 0.0 15.4 11.1 0.0 0.0 11.1 0.0 0.0 18.5 
10050 0.0 O.O 15.1 5.9 2.9 0.0 59 0.0 90.0 8.8 
12550 0.0 0.0 23.1 19.2 0.0 0.0 15.4 0.0 7.7 3.9 


Errecrs OF FUMBLES AND DELAYS ON A LEARNING CURVE 


Fumbles and delays, which occur due to the lack of experience, 
have much to do with the form of a learning curve. The film 
analysis permits the graphing of two learning curves as follows: 


1 One showing the normal curve, i.e., including all fumbles 
and delays. 

2 The other showing a learning curve which excludes fumbles 
and delays, Fig. 9. 


By excluding these obvious fumbles and delays, the learning 
curve is surprisingly flat. At the outset, the cycle time, ex- 
cluding fumbles and delays, amounts to 63 per cent of the total 
time and, at the finish of the study, the data excluding fumbles 
and delays amounts to 93 per cent. 
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There follows a mathematical analysis of the differences of 
the two learning curves: 


Cycle time at outset.................0.0521 Min 
Cyele time at finish. ............-... 0.0272 Min 


The improved performance can be traced to the following over- 
lapping causes: 


Reduction in fumbles and delays............0.0168 Min 


This analysis indicates that of the improvement obtained, 
about two thirds may be assigned to the elimination of obvious 
fumbles and delays and only about one third may be assigned 
to faster movements and better coordination. This proportion 
was somewhat surprising and may require reconsideration of 
some of the concepts of learning. It may develop that the phe- 
nomenon known as rhythm, coordination, deftness and smooth- 
ness, as distinguished from awkwardness, may consist not of a 
general status but of the absence of specific and definable fumbles 
and delays. 


CHANGE IN VISUAL PATTERN 


During the early part of the learning period, it was observed 
that occasionally the subjects did not perform the regular visual 
sequence. While normally the subjects were required to per- 
form according to the instructions, this departure from the stand- 
ard method was regarded as having special significance, and the 
subjects were allowed to develop this departure in a natural 
manner. 

According to the instructions, three visual fixations were to 
be performed in conjunction with the hand movements of each 
cycle. The first fixation was to occur as the left hand reached to 
grasp the part from the supply tray; the eyes then were focused 
on the supply tray during the selection of a part. The second 
fixation occurred as the right hand placed the part in the die, and 
at this time the eyes were focused on the die. The third fixation 
occurred as the tweezers in the right hand grasped the part being 
held by the left hand; the eyes then were focused on the part, 
Fig. 3. After several thousand cycles of practice, the tendency 
of the subject was sometimes to use three fixations and sometimes 
to use two, as distinguished from the exclusive use of either two 
or three. This mixture may in reality have been an intermedi- 
ate stage of shifting from the use of three fixations to two fixa- 
tions. 

It is natural to question whether the subjects should have been 
instructed to use a two-fixation pattern. In response to this 
question, there is well-founded opinion that to do this would have 
caused considerable trouble. In the early training, looking in 
sequence toward the three places was essential. 

When the subjects used the two-fixation pattern, the paths of 
the hand movements were the same; the only obvious difference 
was the points of fixations. The eyes would first fixate on the 
part during the transfer from the left hand to the tweezers in the 
right hand. The second fixation would occur when the eyes were 
focused on the die when placing the part in the die, as illustrated 
in Fig. 3. 


CoMPARISON OF TIME FOR Two- AND THREE-FIXATION MErTHops 


The film study provides quantitative data showing what pro- 
portion of cycles was being performed by the two-fixation 
method, and also a comparison of the average time values for 
each of the two methods during the transition. 
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After practicing 
——7550-——~ -——10,050-—— —— 12,550°-——. 
No. of fixations......... 3 3 2 
Percentage of sample.... 90.0 10.0 81.0 19.0 56.3 43.7 60.0 40.0 
Time (avg), min..... eee. 0.0323 0.040 0.0281 0.038 0.0279 0.0299 0.0363 0.028 
® Because of scanty data taken at the 12,550 period, the 10,050 stage is generally referred to because it is statistically more significant. 
In summary, it is observed after 10,050° cycles of practice: concerned) but somehow they were not conscious of the visual 
1 That 44 per cent of the ple consists of the two-fixation - - change that was taking place until toward the end of the 
study. 
method. 2 oa tructions by industrial engi Id include di 
2 That a trend of the average time per cycle for each of the include 
ons for the visua pea 
two methods indicates that, if the study had been carried e fac ap Ts 
or an r n y 
on longer, that the two-fixation method would have occurred still weenie aa ee ae ae to another without 
nase tngunilly showing apparent trouble such as an irregularity in the cycle-time 
; . ; learning curve is a valuable finding. It is recognized that changes 
3 That the two-fixation method would have taken less time 
: : : of hand movements alone will cause various effects on the learning 
than the three-fixation method, if the study had been carried : 
deities curve, but the data do not seem to manifest any of the effects 
pits ded a thn tiaiaiiiniaial that the introduction of a change in method would be expected to 
This is regarded as a rather origi oa show. Also, it is of practical importance to the industrial engi- 
because: neer to know that he can instruct a worker at the beginning to 
1 The subjects (with one exception) were not aware that this perform three fixations, and mention that ultimately only two 
change was taking place. They believed that they were following _ fixations should be included. This may effect a faster learning 
the instructions (and they actually were so far as their hands were __ period. 
Time Left Hand Eyes Right Hand Right Foot 
PartsTransfer Die 
+ + ++ r+ +4 
+ + +4 
+ 
+ + + > 
i 
Hit ii 
HG + t Time in thousandths of a minute 
Fic. 10 Cart, SHowinc Eye MovEMENTS 
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TABLE 3 PERCENTAGE CHANGE FROM FINAL NORMAL RUN TO SPEED RUN 


Left hand — Right hand- -——Right foot— 
ahs & Cycle 
Subject no. RL&TE G PP&H TL&D RL TE&G time PD TL&TE 
1 — 3.33 —7.90 — 3.18 —17.82 — 7.96 + 0.65 —7.49 + 3.33 —11.54 
2 + 0.07 —19.42 +39.01 — 9.55 — 6.15 +13.72 +0.29 — 1.83 —11.18 
3 — 2.46 — 3.45 +13.15 — 4.30 + 7.29 + 6.75 +0.85 — 3.35 +12.66 
4 — 8.98 — 5.24 + 0.38 —18.40 + 7.11 + 4.05 —5.41 +37.35 — 4.89 
5 —13.08 + 2.07 —10.70 —19.79 +20.01 — 0.69 —4.18 —33.83 + 0.89 
6 + 5.51 + 9.55 —16.66 — 8.75 +10.89 + 7.99 —1.87 — 5.4 +16.27 
Weighted avg, per 
cent change....... — 3.95 — 4.63 + 2.82 —13.18 + 5.15 + 5.21 —3.12 — 7.08 — 1.80 


Nore: A negative sign indicates that the speed run was faster than the normal run, and a positive figure indi- 
cates that the ‘‘speed run’’ was actually slower. 


TABLE 4 PERCENTAGE CHANGE FROM NORMAL SAMPLE TO SOLDIERING SAMPLE 


_ Left hand Right hand ——Right foot—~ 
L, P P,A& Cycle TL& 
Subject no. RL&TE G &H TL&D RL TE&G time D TE 
1 +22.75 +18.27 +118.63 + 43.91 4152.32 +23.74 +59.05 + 13.08 +34.01 
2 +24.90 + 8.23 + 90.59 + 18.44 + 29.41 +35.20 +31.42 + 1.62 —12.35 
3 +25.36 +47.31 + 46.82 + 62.24 + 16.19 +42.82 +42.80 + 55.52 +44.61 
4 +39.27 +30.58 +160.09 +180.34 — 18.86 +41.17 +76.24 +3349.39 — 7.22 
5 +12.71 +23.27 + 33.97 + 30.59 + 1.83 +31.90 +20.90 + 36.79 +41.29 
6 + 7.83 + 6.20 + 10.70 + 14.70 — 2.05 +19.51 +10.96 + 23.19 +38.51 
Weighted avg, 
per cent 
change...... +21.84 421.94 + 74.75 + 56.86 + 27.23 +32.15 +40.99 + 195.13 +425.48 


NOTE: 


Srupy or RELATION oF EyE Movements TO HaND MOVEMENTS 


The film data permit making a simultaneous-motion chart, 
Fig. 10, of the events as they occurred after practicing 10,050 cy- 
cles. It shows the relation of one hand movement to the other, 
the relative duration of the visual fixations, and the instant the 
eyes started to shift. It also includes the action of the leg move- 
ment. 

The two-fixation cycles are segregated from the three-fixation 
cycles, and this offers additional information regarding the 
manner in which the work was performed. 

It was noted that in all therbligs requiring eye fixation, the 
eyes left the scene of action before the action was completed, 
Fig. 10. In making the transfer of the part from the left hand to 
the tweezers, the eyes moved away before the tweezers closed 
on the part. Likewise, when the left hand went to grasp a part 
from the supply tray, the eye moved away before the left hand 
had completed the grasp. Finally in locating the part in the die, 
the eyes moved away before the tweezers released the part. 

From the viewpoint of the industrial engineer, the practical 
result is that the eye precedes the associated TE movement of the 
hand. It is from this viewpoint that quantitative measurements 
were made. 

These findings should be considered in the preparation of a 
synthetic motion cycle. A careful analysis of eye movements 
and eye fixations should be considered. One could not say that 
the eyes always leave so many thousandths of a minute ahead of 
a TE or a TL, because sometimes it may be necessary to check 
visually the part in the die after the hand is away from the die. 
However, a careful analysis of the visual work in conjunction with 
the hand work would make possible a reasonably accurate fore- 
cast of the coordination to be found between these members in a 
motion pattern. 


Spreep Run 


At the end of the last normal run each subject performed 15 
cycles as fast as he could. This is called the speed run. It was 
explained to each subject that data were wanted which would 
reflect his most skillful performance at maximum effort. To be 
sure that fatigue would not affect the results, only 15 cycles of data 
were to be taken after the subject had gained “momentum” by 
performing a few cycles. Table 3 has been prepared to show the 
percentage change from the final normal run to the speed run. 

The following conclusions were drawn from Table 3: 


A positive sign indicates more time during soldiering than during last normal run. 


1 The subjects averaged 3 per cent faster performance for 
the speed run. 

2 Performance during the regular kymograph periods, al- 
though without specific directions for speed performance, was 
evidently at slightly slower speed than top speed. 

3 It appears that the subjects all could perform the TL&D 
element faster at will, but it was at the expense of the other two 
elements for that hand. 

4 The six subjects do not seem to follow a common trend in 
the changes caused by the speed run. 


SoLpDIERING 


If each subject, after acquiring a known degree of skill, decided 
to restrict his output, what would happen to the elemental time 
values? In order to explore this question the subjects agreed 
that they would hold back from top performance but only to such 
an extent that the tendency to hold back would not be apparent. 
The amount that each held back was a problem each individually 
solved. Table 4 was prepared to show the percentage change 
from the final normal sample to the soldiering sample. 

The following conclusions are drawn from these data: 


1 The extent to which the subjects increased performance 
time and yet considered it undetectable varies widely ranging 
from 11 to 76 per cent, averaging 41 per cent. 

2 The averages of all elements are affected to some extent, 
the subjects averaging an increase of more than 20 per cent for 
each element. 

3 The element showing the greatest increase in time was the 
TL,PP&H. This element provided a very plausible excuse in 
performing slowly, because, as one observed the workers, he 
could see that the act involved thinking of how to turn the part 
was causing the worker in this element to make slow movements. 

4 There appears to be no common pattern or trend in sol- 
diering. 


CONCLUSIONS 


Ordinarily a study of the conclusions reached in an investi- 
gation of this type will give to the reader a fair understanding of 
the problems encountered in the study. However, because of the 
pioneering nature of this study and because of the recondite 
nature of the findings, a study of the conclusions alone appears 
in this case to be inadequate, unless supplemented with some as- 
sociated study of the details. For these reasons also, a speeial 
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effort has been made to include, in the body of the University of 
Iowa Bulletin,‘ much of the original data and all essential details. 


SUMMARIZED FINDINGS OF THE INVESTIGATION 


The learning curves for the various therbligs show marked 
differences in characteristics. Some of them fall quite rapidly 
and others quite slowly. Clearly then the learning curve for the 
total cycle will be determined by the proportions in which the 
task contains rapidly learned and slowly learned therbligs. In 
the case of therbligs having no bearing on the cycle time, there 
is no definite tendency to reduce the therblig time as practice con- 
tinues. 

The elimination of noticeable fumbles and delays was in this 
study a greater factor in improving the cycle time than was the 
increase in speed alone. Here again, some therbligs are more 
susceptible to fumbles and delays than others, and the cycle-time 
performance will be influenced by the kind of therbligs which go 
to make up the cycle. 

The data are inconclusive as to whether the learning curve 
for any one therblig will be alike or unlike for all subjects. The 
data are also inconclusive as to whether any one subject will 
adopt a predictable pattern for handling the various therbligs. 

It was found that the visual pattern used by the subjects 
changed during the course of the study, and for the most part 
this change took place unknown to the subjects themselves. It 
was also found that the eyes can and do leave the scene of action 
before the action is completed. 

An effort by the subjects to slow up their pace as far as possible 
without the change being detected resulted in changes in time 
for all therbligs, but not uniformly. This same lack of uniformity 
was evident during an effort by the subjects to “race.” 

Discussion 
W. R. Mutter. Many of us in the field of time-and-motion 


‘ Supervisor, Standards Department, American Hard Rubber 
Company, Butler, N. J. Mem. A.8.M.E. 
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study have wondered how long it takes an operator to learn. 
We have been unable to ascertain the facts because we could not 
standardize the conditions as well as in the laboratory. This 
paper clearly indicates that time studies should not be taken on 
an operator before he has practiced the operation perhaps 1000 
cycles. 

In some plants where standards are set from time studies rather 
than from data, it can easily be seen that the resulting time 
standard will be too high. A time study which is taken at the 
beginning of the training period will be about 1'/, times as high 
as that obtained after 1000 cycles, and almost twice as high as 
that taken after, say, 10,000 cycles. This throws a great burden 
on the time-study investigator in attempting to rate such a wide 
variation in performance. Many of us feel that time studies 
cannot be rated accurately for performances which vary more 
than 20 per cent from normal for any given work element. The 
authors’ experience seems clearly to indicate the desirability of 
not taking studies until the operator has become sufficiently 
skilled to eliminate at least most of the fumbling, etc. 

It would be very interesting if another experiment were 
carried out to determine rapidity of learning when both hands are 
used simultaneously. From observations made in the plant, it 
seems evident that a longer period is required under such condi- 
tions. 

Another interesting variation would be to determine the effect 
on learning if the number of therbligs to be learned were increased, 
i.e., if the cycle were made longer by introducing additional work 
elements. Also, to compare the rate of improvement under such 
conditions with that shown in this paper. 

Summing up the discussion, the paper seems to prove the de- 
sirability of establishing time standards from data as compared 
with individual time studies; and indicates that jobs should be 
planned to avoid, as much as possible, conditions which might 
cause fumbles. Two thirds of the improvement noted was in the 
elimination of fumbling and one third was due to faster move- 
ments and better coordination. 
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A New Steam Engine and Boiler 


By E. 


The paper presents descriptions of a new type of steam 
engine and a forced-circulation boiler which were designed 
by Mr. Knox and tested by Professor Yellott. The engine 
has a maximum capacity of 90 hp and is a high-speed com- 
pound reversible unit with uniflow exhaust. The descrip- 
tion relates particularly to the unusual features of the in- 
let valves. The boiler employs a new principle for obtain- 
ing forced circulation. An impeller placed longitudinally 
in a lower drum exerts a pumping action which results in a 
uniform and rapid circulation through a number of riser 
tubes which comprise the walls of the combustion cham- 
ber. The paper is presented asa progress report. It is the 
authors’ purpose by this means to present new and im- 
proved ways of accomplishing familiar ends, rather than to 
give an exhaustive discussion of the development of the 
particular units involved. 


HE current interest in high-pressure prime movers and 

foreed-circulation steam generators gives timeliness to the 

following brief description of a compact steam plant which 
embodies both of these features. Originally designed to provide 
an efficient, powerful, and directly reversible unit for mobile pur- 
poses, the plant utilizes a high-speed compound uniflow engine, 
for which highly superheated steam is supplied at pressures up to 
700 psi by a unique forced-circulation boiler. In its present 
state, the plant is nonecondensing, but the engine may be dis- 
charged into a condenser and utilize to good advantage the addi- 
tional energy thus made available. 

The first part of the paper will be devoted to a description of 
the unique features of the engine. Results are also presented of a 
test run on the engine at the Stevens Institute of Technology. 

The second section of the paper will describe the steam gener- 
ator, which combines the merits of a multitubular water-level 
boiler with the advantages of forced circulation. Test results 
are also presented. 


THE Knox ENGINE 


The prime mover of this plant is a high-speed compound uni- 
flow engine of the steam-reverse type.’ It is designed to operate 
at 1000 rpm, taking steam at 700 psi 750 F, and exhausting either 
to atmosphere or to a condenser. In brief, the engine is double- 
expanding, with one high-pressure and two low-pressure cylin- 
ders. The inlet valves are of the piston type, with certain unique 
variations which will be described later. These valves are actu- 
ated by an auxiliary crankshaft, which is driven by gears from the 
main crankshaft. Exhaust from all cylinders is accomplished by 
uniflow ports, with auxiliary exhaust provided by the piston 
valves. 


1 Consulting Engineer. Mem. A.S.M.E. 

? Professor of Mechanical Engineering, Illinois Institute of Tech- 
nology. Mem. A.S.M.E. 

3 A steam-reverse engine is one in which the direction of rotation is 
reversed by changing the direction of flow of the steam. This is 
accomplished by using one set of ports in the valves as steam-admis- 
sion ports in one direction, and as exhaust valves in the other direc- 
tion. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Taz AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


G. KNOX,! ENGLEWOOD, N. J., ano J. I. YELLOTT,? CHICAGO, ILL. 


The outstanding feature of the engine is the valve gear, by 
which a number of useful functions are performed without intro- 
ducing more moving parts than the minimum number required 
for a simple nonreversing engine with the same number of cylin- 
ders. Most important of these functions are the provision of ex- 
pansion and the automatic increase of torque at starting and low 
speeds, without additional mechanism. The result of the special 
features of the engine is a steam consumption of 14.6 lb per bhp-hr 
(noncondensing), and an engine efficiency of 53.3 per cent, ob- 
tained under test when the engine was loaded to 70 hp or about 
75 per cent of its capacity. 

The relative size and general appearance of the unit are shown 
in Fig. 1. The general plan of construction is shown in Fig. 2, 


Fie. 1 


THe Knox ENGINE 


which gives the principal details of construction of the engine, but 
omits the passages by which the steam makes its way from the 
valves to the cylinders. The single high-pressure cylinder, 
3'/, X 4'/,in., is located between the two low-pressure cylinders, 
4'/, X 41/, in., as shown in the cross section of the cylinder 
block, Fig. 3. 

Steam is introduced through a control valve which serves both 
as a throttle and as a steam-distributing valve. The direction 
of rotation of the engine is changed from forward to reverse simply 
by pushing the control lever to its forward or reverse position. 


SEQUENCE oF VALVE EVENTS 


When running forward, the steam passes from the control 
valve, designated as V in Figs. 2 and 3, to the inner edges of the 
high-pressure valve, shown as a in Fig. 3. This valve, as well as 
the other two valves b and c, is a piston valve. These differ 
from the usual piston valves in two important respects: First, 
the valve has a rolling motion as well as a reciprocating motion; 
thus the path of any point on the valve is an ellipse. The second 
unique feature is the serrated edges, which can be seen in Fig. 4. 
The combination of this unusual motion with the shape of the 
valve edges gives rise to the characteristics which will be discussed. 

The high-pressure cylinder discharges into a receiver space, 
which is composed of the unused volume within the engine cast- 
ing. The discharge takes place through exhaust ports in the mid- 
dle of the evlinder which are uncovered by the piston in the con- 
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ventional uniflow manner. Auxiliary exhaust, necessary to keep 
compression down to a reasonable amount, is provided by the 
piston valves mentioned previously. 


As is explained later, each valve is connected to two cylinders; 
the outer edges to one cylinder, the inner edges to another. If 
the direction of rotation of the engine is such that the outer 
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KNOX, YELLOTT—A NEW STEAM ENGINE AND BOILER 


edges of a valve admit steam to a cylinder, the inner edges of the 
same valve will open during the exhaust stroke of the other cylin- 
der, thus providing auxiliary exhaust for the second cylinder with- 
out any additional parts being required. 

Running forward, steam from the receiver is directed by the 
outer edges of valve b to low-pressure cylinder A (Fig. 3) and by 
the inner edges of valve c to the low-pressure cylinder B. These 
two cylinders exhaust through central ports similar to those in the 
high-pressure cylinder, the steam being carried through a mani- 
fold to the exhaust line. Auxiliary exhaust is provided for cylin- 
der B by the inner edges of valve 6 and for cylinder C by the outer 
edges of valve c. 

The unique feature of this engine, as compared with other 
steam-reverse engines, lies in the fact that each valve supplies a 
particular cylinder when the engine is running forward, but a 
different cylinder when the engine is reversed. When the control 
valve is thrown to the reverse position, steam is no longer ad- 
mitted to the inner edges of valve a, but rather to the outer edges 
of valve c. In the same manner, steam passes from the receiver 
to the outer edges of valve a and the inner edges of valve b, 
whence it passes to cylinders A and B, respectively. The oppo- 
site edges of the valves again act as auxiliary relief valves. It is 
by this means that a cutoff of 30 to 40 per cent (depending upon 
the slope of the serrated edges) can be obtained in all the cylinders 
of this engine. Earlier steam-reverse engines necessarily had 100 
per cent cutoff and consequently their steam rate was several 
times as high as that of the present engine. 

The usefulness of the serrated edges in combination with the 
unusual rolling motion, lies in the fact that the effective cut- 
off can be lengthened, thus increasing the torque of the engine. 
The rolling motion of the valve is imparted by a simple arrange- 
ment which combines a segmental bevel pinion on the valve stem 
with a segment of bevel gear on the eccentric strap. The vertical 
component of the motion of the strap, caused by the rotation of 
the eccentric, causes the valve stem to turn first in one direction 
and then in the other. Both stem and strap have the same recip- 
rocal motion, and so the gear segments are always in mesh. 

The serrated forward admission edges of the valves, shown in 
Fig. 4, exemplify one of the advantages which may be obtained as 
a result of the combined reciprocating-and-oscillating movement 
of the valves. In an engine where high power-to-weight ratio is 
desired, as was the case in the present engine, this construction 
permits lengthening the admission period for a given angle of ad- 
vance of the eccentrics. This angle is limited to a rather narrow 
range, to obtain reversibility without serious reduction of ef- 
ficiency. Because of the serrations, the valve, rolling over as it 
reaches its dead center, remains open for a longer period than 
would otherwise be possible with the proper angle of lead. 

In engines where the power-to-weight ratio is not a prime con- 
sideration, these serrations can be omitted and the admission 
edges provided with piston rings, thus giving a shorter effective 
cutoff with resultant increase in total expansion ratio. 

At S, Fig. 4, is shown a small slot or notch running longitudi- 
nally. The purpose of this slot is to lengthen the cutoff beyond 
that which would be possible with only the reciprocating motion 
of the valve, when the eccentrics are set at an angle of advance 
which gives an economical point of cutoff. If this slot were 
exposed to steam when the valve approaches the point of admis- 
sion, steam would be admitted to the cylinder so far in advance 
of dead center that the engine would not operate. However, due 
to the rolling motion of the valve, the slot is covered by a bridge 
as it approaches the point of admission, and is rolled out into the 
steam space only after dead center has been passed. It remains 
exposed to steam until nearly the end of the stroke, however. 
Its width ordinarily would be from 2 to 3 per cent of the cireum- 
ference of the valve. Thus, when the engine is starting or run- 
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ning at low speed, it is supplied with steam at approximately full 
pressure during practically the entire stroke. As it speeds up, 
the amount of steam which gets through per stroke becomes less 
important. At maximum speed the effect on efficiency is negli- 
gible. Thus, it is possible to obtain the effect of a long cutoff, 
and the resulting increased torque at starting and low speeds, 
with a fixed economic eccentric position. This eccentric position 
would normally give the same short cutoff at all speeds, except 
for this slot and the rolling motion of the valve. In this way is 
obtained the same effect of long cutoff and maximum torque at 
low speeds, with short cutoff and high efficiency at high speeds, 
which in other engines is only obtainable with a number of extra 
moving parts, requiring hand or governor manipulation. 

Engine balance, particularly important because of the high 
operating speed, is accomplished by two sets of counterbalances. 
One set is mounted on the eccentric shaft which rotates in one 
direction in a plane above the cylinders. The other set is 
mounted on the oil-pump shaft which rotates in the opposite 
direction in a plane below the cylinders. The system is so effec- 
tive that there is virtually no vibration when the engine is run- 
ning either forward or in reverse. 

Lubrication of the bearings, cranks, and eccentrics is accom- 
plished by splash and by forced circulation from a small vane 
pump, through holes drilled in the crankshaft, to the surface of 
each crankpin. Lubrication of the valve and pistons is accom- 
plished by a multiplunger lubricator which sends cylinder oil into 
the main line and to each end of the three valves. 

The over-all dimensions of the engine are shown in Fig. 1. 
The weight of the engine is 450 lb and the maximum power of 
the engine is 90 hp, giving a weight of 5 lb per bhp. 


Tue ENGINE TEsts 


A number of trial tests were made with the engine during its 
development period. The tests followed standard practice. 
Pressures and temperatures were measured with calibrated gages 
and thermometers. Condensate was weighed to determine the 
steam consumption of the engine. Back pressure was atmos- 
pheric in all tests. 

The load on the engine during these tests was supplied by a 
water brake which was constructed especially for this purpose. 
The design established by Professor E. P. Culver was followed, 
and the brake operated in a very satisfactory manner. This type 
of brake was particularly desirable because it operated equally 
well in both directions of rotation. 

The limitation on the output of the engine was imposed by the 
boiler which at the time of the engine tests was unable to deliver 
more than 1000 lb of steam per hr with smokeless combustion. 
Later the combustion was improved until the boiler developed 
more than 1500 lb per hr without smoke. 

The results given inTable 1 are typical of those obtained during 
the tests of the engine. 


TABLE1 TYPICAL ENGINE TEST RESULTS 
Back pressure, pai abe... ..... 15.2 
Ideal steam rate, Wb por 7.79 
Engine heat rate, Btu per hp-hr....................405 17500 
Engine thermal efficiency, per cent...................- 14.55 


The present engine was the first of its type and was designed 
especially with a view to light weight per horsepower-hour, with 
the sacrifice of the maximum efficiency otherwise obtainable. 
In view of this, of its small size and the fact that no changes have 
been made in the design as the result of experience, although vari- 
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ous improvements have been indicated, it is reasonable to assume 
that, with large engines, running condensing, steam consumption 
much below the 14.6 lb per bhp-hr obtained with the present 
engine should be realized. 

If, as may reasonably be expected, a water rate of 10 lb or 
better per bhp-hr should be attained, the fuel consumed per 
horsepower-hour, while considerably greater than that of a Diesel 
engine, would cost less because of the much lower price per gallon 
of fuel usable in the furnace of a boiler, as compared with that 
required in a Diesel. 

Tue Knox BorLer 

This boiler, which was developed to supply steam to the Knox 

engine, had to be compact, relatively light, and capable of pro- 
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ducing 1500 lb per hr of steam at 700 psi 750 F with smokeless 
combustion and high efficiency. The necessity for forced circula- 
tion was immediately realized, but the difficulty of controlling the 
once-through or coil boiler made it desirable to retain the stability 
and reliability of the conventional multitubular drum boiler. 

These requirements were met by using a new method of forced 
circulation, whereby a simple impeller in the middle lower drum, 
Fig. 5, causes the water to flow up through the riser tubes which 
surround the combustion chamber. 

The feedwater is pumped into the two steam drums A, and A:, 
after passing through the economizers which will be discussed 
later. Leading downward from these two drums are the down- 
comers, which are located in the third pass of the present boiler, 
and which connect to the two smaller lower drums B, and B,. 
The center drum C at the bottom of the boiler is connected to 
the outer drums by headers at both ends, and within this center 
drum is located a hollow impeller. Figs. 5 and 6 show these 
points quite clearly. This impeller is driven by a shaft which 
emerges from the header through a simple stuffing box. When 
the impeller is rotated, the pumping action creates a pressure 
which forces the water in drum C to pass upward through the 
risers which form the walls of the combustion chamber. The 
suction caused by the displacement of this water causes the water 
in B, and B, to flow into the middle drum, and thus a vigorous 
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forced circulation is established. This circulation is quite uni- 
form along the length of the drum, as is shown in Fig. 7. This 
illustration is from a photograph taken when the boiler was not 
under pressure, but when the impeller was being operated. 
Glass plates pressed against the 
end of the drum prevented 
the water from spilling out of 
the boiler. Rough measure- 
ments indicate that the velocity 
is about 4 fps under the circum- 
stances prevailing when the 
photograph, Fig. 7, was taken. 
Since this pumping action is 
assisted by the natural circu- 
lation, it is obviously yet more 
powerful when the boiler is gen- 
erating steam. In fact, the 
pump may be considered as a 
booster, when applied to a boiler 
having natural circulation, add- 
ing to the velocity which nat- 
ural circulation will produce. 
It will be realized that this 
| internally assisted circulation 
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differs in several important re- 
spects from other well-known 
foreed-circulation principles. 
By using the lower drum as 
the casing of the pump, the ex- 
pense of a separate high-pres- 
sure pump is eliminated and, of 
far greater importance, uni- 
form circulation is obtained. 
Balancing of the individual 
water circuits is automatically 
accomplished, since the added 
pressure comes from the cen- 
trifugal action of the impeller, 
which is uniform along the 
length of the drum. There is 
no tendeney for the first tubes to rob the remaining risers, as 
long as the runner is adequate in size. 
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GENERAL DisposrrioNn OF THE BOILER SURFACE 
The general arrangement of the heating surface is shown in 


Fic. 7 Frow From Risers Into Upper Drum 


AT? 

\—+—DRY DRUM 

= = 

\ 

fal / / / | 

if} / 

| | \ | 
ANY \\\ \ WN 

\\ 

e cINB) \ Be 

P 


KNOX, YELLOTT—A NEW STEAMIJENGINE AND BOILER 


——- STACK 


(A 

Co °o00 Po 
ra)  SUPERHEATER COILS 

Cc 
© qd EVAPORATING TUBES RISERS 1 Po 
Cc 

© TUBES DOWNCOMERS 1 Po 
a 
| 

AIR PASSAGE 1 

| 

r 

( C 

oO 
fo | BURNER NOZZLES 
re 


Fic. 9 View or Borer With Ovrer Jackets REMOVED 


Figs. 5, 8, and 9. The risers, through which the water is forced 
upward to the drum by the impeller, consist of four rows of stain- 
less-steel tubes, each being !/:-in. outside diam x 0.43-in. inside 
diam, and approximately 3 ft long. The tubes are staggered, the 
distance between center lines being 13/:. in. The combustion 
space is thus entirely waterwalled, although it was found neces- 
sary to put refractory over the first few rows of tubes near the 
burner to provide radiant heat for vaporizing oil, Fig. 10, thus 
obtaining smokeless combustion and improved efficiency. 

The downcomers are located in the third pass of the boiler. 
The heat transmission is much less intense in these tubes because 
they are not exposed to the radiation from the flame. 

In order to supply dry steam to the superheater, a dry drum D 
is provided above A, and A; and is connected to them by a num- 
ber of small tubes. This dry drum is only necessary because of 
the small diameter of the upper drums in this particular boiler. 
The boiler performed quite well for a long time without this drum 
but, under intensive operation, slugs of water would occasionally 
go through the superheater. In another boiler of this type having 
a single upper drum of a diameter suitably proportioned to the 
capacity of the boiler, no dry drum would be needed and a single 
upper drum would take the place of the three drums at the top of 
the present boiler. Perforated metal screens are also placed 
above the water line in A; and A, to prevent priming, or carry- 
over of large slugs of water. 

The superheater is composed of a spiral coil of tubing and is 
located at the back of the combustion space, facing the burner, 
but separated from the combustion space by a screen of riser 
tubes. It was originally intended to install a second superheater 
around the burner, but this was found to be unnecessary. Con- 
trol of the temperature of the superheated steam was accom- 
plished by injecting feedwater into the inlet of the superheater. 
Steam temperatures above 800 F were obtained, although the 
temperature was usually kept around 750 F. The location of the 
superheater can be seen in Figs. 8 and 9. 

Three economizers are used, with the result that the flue-gas 
temperature leaving the last economizer is always below 400 F. 
The first two economizers are located in the last pass, on each side 
of the unit, in space which is available because the general shape 
of the boiler proper is cylindrical. One of these economizers can 
be seen in Fig. 9 while Fig. 5 alsoshowsthem. The third econo- 
mizer consists of coiled tubing, located in the duct leading to the 
stack, 

Arr Suppiy AND DisposaL 


Since the Knox boiler is intended to operate without the bene- 
fit of a stack to produce a natural draft, it is provided with a 
unique forced-draft system. The entire boiler is covered with an 
airtight metal casing, which is in turn partly enclosed within a 
removable aluminum outer jacket, Fig. 5. Between this outer 
shell and the jacket on either side of the boiler is a space through 
which the incoming air is drawn by the forced-draft fan. The fan 
consists of a cast-aluminum impeller, running on ball bearings, 
and driven by a V-belt and pulleys from the motor which also 
drives the water-circulating impeller. Major variations in fan 
capacity are accomplished by changing the driving pulleys and 
minor variations are made by restricting the air intake opening. 

The air, which is drawn in through the fan after having passed 
over the outer shell of the boiler, is then forced through the space 
between the inner and outer shells, and is preheated to about 350 
F before it enters the combustion chamber. The air pressure at 
the burner inlet is about 2 in. of water, under the usual operating 
conditions. As a result of this unusual arrangement of the air 
supply, the jacket around the boiler is at almost the same tem- 
perature as the surrounding air and, consequently, the losses due 
to radiation and convection are negligible. 
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The course of the flue gases can be seen in Fig. 8. After passing 
through the coiled superheater at the rear of the combustion 
chamber, the gases divide and turn back through the second pass, 
in which it was originally intended to locate more superheater 
tubes. Experience showed that the one coil was enough and, 
consequently, in future boilers this empty second pass would be 
omitted and the size and weight of the boiler thus reduced. This 
would also reduce the pressure required to force the gases of com- 
bustion through the boiler. Upon leaving the second pass, the 
gases go back through the third pass in which the downcomers are 
located. The gases then move dc as shown in Fig. 5, into the 
economizer space, and again come to the front of the boiler, where 


Fic. 10 INstpE THE CoMBUSTION CHAMBER 


they enter the duct which leads to the last economizer and finally 
to the stack. 

The usefulness of the last economizer is demonstrated by the 
test results, which show that the flue-gas temperature entering 
the duct was about 590 F at full load, while the gas temperature 
at the last economizer outlet was about 380 F. 


Ou-BurnNING EQUIPMENT 


The most serious problem encountered in the development of 
the boiler was the smokeless and efficient combustion of fuel oil at 
extremely high rates in a very small chamber. The combustion 
equipment which was in use when the tests were run consisted of 
four main burners, arranged around a small pilot burner, as 
shown in Fig. 8. The individual burners were located centrally 
in venturi-shaped openings through which the combustion air 
entered. The burners were standard 80-deg tips of the type used 
on domestic units, and the maximum capacity of the boiler could 
be varied by changing the size of the burners. 

The boiler was started by electrical ignition of the pilot burner, 
which was located in the center of the refractory disk. After 
the main burners were ignited, the electrical ignition was shut off. 
The oil supply to the burners came directly from a small motor 
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driven gear pump which kept the pressure at about 160 psi gage. 
The oil supply passed through a solenoid valve which was so con- 
nected into the control system that it could be shut off by the 
various safety devices which will be described. 

The combustion chamber was partially lined with plastic re- 
fractory, as shown in Fig. 10, in order to give sufficient incandes- 
cent radiation surface to vaporize the oil. The amount of this 
refractory lining was determined by experience, and it was kept 
to a minimum so that the surface of the risers would be available 
for absorbing the radiant heat of the flame. 

The furnace volume was about 5.67 cu ft, and this proved to 
be adequate during the official test for the release of 1,970,000 
Btu per hr. The average heat release was thus about 350,000 
Btu per cu ft per hr. Later the rate of smokeless combustion was 
increased to well over 400,000 Btu per cu ft per hr. 


CONTROLS AND SAFETY APPLIANCES 


The problem of control in the boiler is greatly simplified be- 
cause of the presence of the large upper and lower drums, which 
give a relatively large water capacity. Should the water level in 
the drums rise or fall as much as 2 in. above or below the usual 
line, no harm would be done. This is equivalent to more than 2 
min output, about 15 times as long as it takes the controls to act, 
and many times as long as would be available for the much faster 
controls required for continuous-tube boilers. This feature of the 
boiler is particularly important, because it means that the fuel 
and water supplies do not have to be instantaneously adjusted. 

Except for the safety valve, all controls are electrically oper- 
ated. The safety valve is a double, spring-loaded poppet valve, 
which is connected to the two upper drums by pipes of ample size. 
The safety valve had no occasion to function during the tests. 

The pressure control consisted of a spring-loaded bellows, 
equipped with contacts which were connected in series with the 
solenoid valve in the oil line. When the pressure rose above the 
set value, the contacts opened, the oil flow was shut off, the four 
main burners went out, and the pressure immediately fell. Since 
there is little refractory in the boiler to provide heat storage, 
there is consequently very little lag in the response of the pressure 
controller. The boiler can operate safely at pressures up to 700 
psi, but during the test it was run at 500 psi gage. 

The high- and low-water controls are of the thermal-expanding 
type, in which a brass tube alters its length in response to changes 
in the water level in the drum. Electrical contacts are opened 
when the water level falls too low, and the fuel supply is thus shut 
off. When the water level becomes too high, another set of con- 
tacts opens and these close a solenoid valve in the suction side of 
the feedwater line. 

Manual control of steam temperature was in use during the 
tests. This control was accomplished by injecting water into the 
inlet of the superheater, the amount of injected water being regu- 
lated by a needle valve. The occasional wide swings of tempera- 
ture which are to be seen in Fig. 11 are due to the fact that the 
water-level control affects the superheat control by altering the 
injection-water pressure. Subsequently, the superheat was con- 
trolled automatically. 

It should be noted that a water-level glass is provided, the 
connections being taken from the right top drum Az, in Fig. 5. 
This is an unusual feature for a forced-circulation boiler, since 
most of that type have such wide variations in water level that a 
glass would be impracticable. 

During the test, the boiler was supplied with water by a multi- 
cylinder motor-driven reciprocating pump. The pump was kept 
running at constant speed, and the water delivery was regulated 
by the solenoid valve in the suction line. The water went from 
the pump through two separate circuits, each passing through two 
economizers, and then into one of the two upper drums. 
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TABULATION OF BorLER DATA AND Report oF TESTS 


The general over-all dimensions of the boiler proper are shown 
in Fig. 9. The height from the base of the boiler to the top of the 
cover over the dry drum is 38 in., the over-all length is 60 in., 
and the width is 36 in. The floor space occupied by the boiler 
is thus 15 sq ft. The secondary economizer is outside of the 
boiler and occupies about 3 sq ft if placed horizontally, or about 
1 sq ft if placed vertically. If the space under the boiler now 
occupied by the fan motor is included, the over-all height is 57 in. 
A motor for driving the fan and runner could be placed within the 
present rectangular space 36 in. wide X 38 in. high, at the end of 


TABLE 2 GENERAL BOILER DATA 
Heating surface 


Secondary economizer, sq 32 

Total surface in economizers, sq ft...............4- 58 

Total evaporating surface, sq ft............0e0e00e 85 

Superheater surface, ft... 11 

Total heating surface in boiler, sq ft............... 154 
Furnace volume 

Combustion chamber, cu ft.............cececseces 5.67 

Total volume within outer shell, cu ft.............. 40.3 


Weight data 
Total weight of boiler ge, refractory), Ib..... 
Weight of water in boiler, hot, Ib 
Combustion data 
Fuel burned—Essoheat medium, No. 2 domestic fuel oil; specific grav- 
ity 0.85 at 78 F; heating value 19,400 Btu per lb; 14.38 Ib of air re- 
quired per lb of oil 
Air supply—forced draft, preheated to 360 F, 2-in. water pressure at 
burner intakes 
Burners, number and no gtr! 80-deg tip, 3 gph capacity 
Oil pressure (during test) 150 to 160 psi gage 
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the boiler, or elsewhere if minimum height is required for the in- 
stallation. If the unused second pass were eliminated, the boiler 
would be only 30 in. wide. Table 2 Gives general boiler data. 

Tests were run on the boiler on June 13, 1939, to determine the 
steam capacity, efficiency, and operating characteristics of the 
boiler at maximum smokeless output with four burners, each 
rated at 3 gph. In brief, the tests were conducted as nearly as 
possible in accordance with the A.S.M.E. Test Code for Oil- 
Fired Steam Generators, although the duration of the tests was 
less than that specified in the code. Table 3 shows the results. 

TABLE 3 FULL-CAPACITY TEST 


Steam generated, Ib.......... 
Rate of generation, lb-per hr 


Evaporation, lb steam per lb oil............. 11.7 
515 
Temperature of steam, average, F...... 755 
1348 
Heating value of oil, Btu per Ib.....................--05- 19400 
Efficiency, per cent 81.3 
Average CO: in flue gas, per cent... 12 
Air temperature, F 80 
Loss to flue gas (approx), per cent... ... 13.6 


Loss to incomplete combustion, unburned carbon, ete. (by 

The data for the tests are given in Fig. 11. It will be seen that 
the boiler was started from a cold condition at 10:03 a.m. The 
steam pressure began to rise almost at once and reached 500 psi 
within 4 min. The steam temperature rose with equal rapidity 
and reached 700 F within 4 min. The beginning of the test was 
deferred until 10:30 a.m. when equilibrium had been reached and 
all readings were steady. 

The steam pressure was maintained at about 500 psi gage and 
the temperature at nearly 750 F. The variations in the steam 
temperature are due in part to difficulties with the water-level 
control, which altered the pressure of the water which was in- 
jected to control the steam temperature. 

The air and gas temperatures varied but little during the test. 
The air entering the burners remained at 350 F, the flue gas enter- 
ing the economizer at 590 F, and the flue gas Jeaving the second 
economizer remained at approximately 380 F. The feedwater 
temperature was constant at 71 F. The percentage of carbon 
dioxide in the flue gas ranged between 11 and 12.5 per cent. 

The averaged results have been presented in Table 3. Some 
allocation of the losses can be made from the percentage of CO, 
and the flue-gas temperature. With an average CO, percentage 
of 12, the percentage of excess air was about 27 and the weight of 
dry flue gas produced per pound of oil burned was about 18 lb; 
1.13 lb of water were produced by burning the hydrogen in the 


fuel. With an average flue-gas temperature of 380 F, losses were 
Per cent 
Unavoidablle loan to Gry 5.25 
Percentage absorbed by water and steam (efficiency). ..... 81.3 
Unaccounted for 5.08 


There was no smoke whatsoever during this test, and the boiler 
functioned smoothly. The test was terminated at 1:00 p.m. be- 
cause it was felt that sufficient data had been obtained to give a 
reliable picture of the boiler performance. 

The unit was quiet in operation, the two outer jackets serving to 
muffle the noise of the fan and the flame.. There were no difficul- 
ties with the pressure control, nor any puffs when the burners 
went back into action after being shut off for a time. Ignition 
was positive and immediate. 

Measurements for carbon monoxide in the flue gas were not 
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made during the test, since none had been found during the many 
earlier tests of the boiler at which the authors were present. In 
view of the large excess-air percentage, it is unlikely that any 
appreciable carbon monoxide existed. 

There were no deposits of carbon in the combustion chamber, 
as Fig. 10 indicates. The refractory lining and the screen tubes 
were entirely free of carbon, and only a thin layer of soot adhered 
to the riser tubes. Furnace temperature was not measured but, 
judging from the color of the flame and from the heat release, it 
must have been very high. 

No trouble was experienced with the packing on the impeller 
shaft, despite the fact that the pressure was between 500 and 600 
psi, and the water must have been nearly saturated. Both fan 
and impeller were driven by the same 1.5-hp a-c motor. 

After completion of the reported test, further development and 
tests of the boiler were conducted. During these tests, slightly 
over 1500 Ib of water per hr were evaporated with smokeless 
combustion. While the boiler weighed 1235 lb, 300 lb of this 
were due to portions of the boiler installed for sound protection 
only, bringing the net weight of the boiler down to 935 Ib. If 
correction is made for the amount of steam which would have been 
generated with the same fuel consumption, and at the same tem- 
perature, had the water been condensed and recirculated to the 
boiler at 200 F, it will be found that the weight of the boiler per 
pound of steam evaporated reduces to 0.56 lb. 

The extremely high heat release, 430,000 Btu per hr per cu ft of 
combustion space, without harmful effects upon the tubes, re- 
fractory, or the general structure of the boiler, testifies to the effec- 
tiveness of the unique circulatory system used in the boiler. 

The boiler as described was built with the special view of mini- 
mum over-all dimensions for a given output. Two water-level 
drums were used to obtain a maximum area of steam-release sur- 
face without the increase of height and weight which would have 
resulted had a single drum of equal steam-releasing surface been 
used. Where these limitations which controlled the design of 
this particular boiler are not essential, the boiler may be built 
with two drums instead of six, the downcomers consisting of large 
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tubes connecting the upper and lower drums at their ends, all the 
small tubes being risers. Such a construction is shown in Fig. 12. 

Fig. 13 shows an improved method of driving the runner. The 
runner shaft carries a gear which connects with another below the 
driving shaft, running beneath the boiler and throughout its full 
length. This driving shaft is surrounded by a pipe carrying the 
feedwater. Thus, the packing is not subjected to high tempera- 
ture, and could, in fact, be omitted, as the amount of water which 
would leak back along the driving shaft would be insignificant. 
Since it would go directly into the feedwater, there would be no 
loss of heat. 

CONCLUSION 


This paper has been devoted to a presentation in some detail of 
the unique features of an engine and a boiler, each of which is 
thought by the authors to embody certain advances over current 
practice. The test results are representative of the performance 
of these units. 
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Discussion 


F.O. ELLENWoop.‘ This paper is interesting and stimulating 
because it contains considerable information about a new engine 
and boiler, concerning which future progress reports will be wel- 
come. The present performance data suggest interesting possi- 
bilities and it is sincerely hoped that future developments may 
place both the new engine and the new boiler on a successful pro- 
duction basis. 

The test data show an engine efficiency of about 53 per cent, 
which is an excellent performance for an engine of this size. In 
this connection, wiil the authors indicate where the chief losses 
occur in this engine? In other words, what portion of the avail- 
able energy is not utilized by reason of cylinder condensation, 
mechanical losses, thermal losses from the outside of the cylinder, 
and fluid-frictien losses? 

The new system of forced circulation in the boiler seems to be 
excellent and it is hoped that periods of long runs will still find 
it functioning properly. The improved method of driving the 
impeller, as indicated in Fig. 13 of the paper, seems to the writer 
to be a step in the right direction. 

For a steam generator of this capacity to give an efficiency of 
81 per cent, as has been shown by the test, means that great care 
hag been taken in its design, and the writer desires to congratu- 
late those who have been responsible for the development of 
this unit. 


‘ Professor of Heat-Power Engineering, Cornell University, Ithaca, 
NW: ¥. 


Mem. A.S.M.E. 
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W. F. Ryan.® It is regrettable that the authors did not in- 
clude in the published data the power consumption of the aux- 
iliaries during the tests of this very interesting steam-generating 
unit. 

In view of the relatively high draft loss and the power input to 
the circulating pump, it would ordinarily be assumed that the 
auxiliary-power consumption would be an excessive proportion 
of the limited output of the combined engine and boiler unit. 
If this is not the case it would naturally increase the value of the 
paper to indicate that fact by actual test results. 


AvTuHors’ CLOSURE 


In reply to Professor Ellenwood’s comments it is probable that a 
large portion of the losses in the engine are due to fluid friction. 
The unusual valve arrangement of this engine is possible only be- 
cause of the somewhat involved paths through which the steam 
is led to the appropriate cylinder, and it is necessary to sacrifice 
some efficiency in order to attain the ends which were sought in 
the design. 

In reply to Mr. Ryan, the power consumed by the a-c motor 
which drove both the fan and the impeller was about 0.75 hp. 
During a typical run, the current to the motor was 9 amp, at 
220 v. The boiler feed pump which was used during the tests was 
driven by a large d-c motor for speed control, and the power which 
it required was far greater than that which would have been 
needed by a more efficient combination. In any event, the feed- 
pump power with this boiler should not be different from that 
with any other boiler of similar pressure and steam generation. 


5 Mechanical Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Fellow A.S.M.E. 
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A Study of Circulation in High-Pressure 
Boilers and Water-Cooled Furnaces 


By JOHN VAN BRUNT,! NEW YORK, N. Y. 


This paper is devoted to a discussion of the elements of 
boiler and furnace design dealing with the problem of ob- 
taining adequate circulation for the higher pressures now 
demanded by current practice. After explaining the ac- 
tion within a simple evaporating circuit, the author indi- 
cates the procedure in analyzing waterwall circuits and 
calculating the circulation in boiler tubes. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


D, = density of saturated water, lb per cu ft 

Dy = density of downcomer mixture, lb per cu ft 

D, = density of riser mixture, lb per cu ft 

d = tube diameter, ft 

f | = dimensionless friction factor 

g = acceleration due to gravity, fps per sec 

H_ = total heat absorbed by tube surfaces of furnace and boiler, 


Btu per hr 

L = height from water level in drum to bottom of the circuit, 
ft 

L, = distance from furnace flour, per cent of the furnace 
height 


1 = length of tube, ft 

= see Q, and Q; 

Q = heat absorbed in distance Z; as per cent of total heat ab- 
sorbed by furnace 

Q; = heat absorption by lowest portion J, of furnace-wall tube 

Q. = heat absorption by greater portion l, of furnace-wall tube 
including |; 

S = summation of all losses due to flow velocity 

V = linear velocity, fps 

V, = linear velocity at entrance, fps 

V. = linear velocity at exit, fps 

BorLers IN GENERAL 

High-pressure steam-generating units of capacities and types 
installed and operated during the last few years are, with few ex- 
ceptions, fired by pulverized coal in more or less completely water- 
cooled furnaces. 

The problem of designers of such units is to provide a furnace 
of correct design to burn the specified fuel satisfactorily and, in 
addition to the furnace walls, such convection surface as is 
necessary to generate the required amount of steam. Super- 
heating surface, economizer and air-heater surface must be 
provided and proportioned to give the desired over-all operating 
characteristics and efficiency. 

It is not the purpose of this paper to go into the details of such 
proportioning of surfaces, but rather to bring out the elements 
of the circulating system and to show that the design discussed is 
both simple and adequate. 


1 Vice-President in Charge of Engineering, Combustion Engineer- 
ing Company. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Toe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Natural circulation in a boiler may be defined as the movement 
of water, and steam and water, through the boiler tubes in con- 
formity with the available head or difference in density of the 
circulating fluid in the downcomer and riser circuits. 


ANALYsIS OF SIMPLE CIRCUIT 


The simplest evaporating circuit is a U-tube Fig. 1(a), of uni- 
form diameter and without restrictions in either the riser or 
downcomer leg. Such a circuit will, when heated on the riser 
leg, produce the maximum circulation, that is, it will pass 
through the circuit a maximum weight of water and steam for 
given conditions of tube diameter and head. 

Any departure from this simple circuit which introduces re- 
sistance to flow, such as headers or junction boxes at X, or re- 
duced area of tubes Y Fig. 1(b), will reduce the weight of water 
circulated. Heating the downcomer Fig. 1(d), or reducing the 
height, Fig. 1(c), will decrease the available head and, therefore, 
the flow. 

Consider for example a simple U-tube circuit as in Fig. 1(a), 
having 30 ft of vertical heated length with the downcomer leg not 
heated, and passing water at the saturation temperature. As- 


d 


Fie. Evaporatine Circuits oF Various Forms 


sume that the mean density of the mixture in this riser is 0.8 
that of saturated water in the downcomer; then 24 ft of water in 
the downcomer will balance 30 ft of the mixture. Since there is 
30 ft of solid water in the downcomer the static head is 6 ft. This 
6 ft of head is available to overcome all friction and other resist- 
ances in the circuit. In the circuit considered, there are five 
losses; namely, entrance resistance, friction in the downcomer 
and in the riser, loss due to accelerating the mixture in the riser, 
and the exit loss from the riser. If these losses, expressed in feet 
head of saturated water, total 6 ft, the circuit is in equilibrium 
with 0.8 density in the riser circuit. If at an assumed velocity 
the resistances total but 4 ft, more water will flow through the 
circuit, thereby increasing the density in the riser and reducing 
the static head, and increasing the velocity and magnitude of the 
losses until equilibrium is established. Should the resistances at 
an assumed velocity total 8 ft, less water will flow through the 
circuit, thereby decreasing the density in the risers, increasing the 
static head, and reducing the velocity and resistances until 
equilibrium is reached. 

If, in the same circuit, we assume that the downcomer is 
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heated and that the steam is generated in the downcomer in an 
amount sufficient to reduce the mean density of the downcomer 
mixture to 0.9 that of saturated water, this mixture will enter 
the riser in which additional steam is generated to give a mean 
density of 0.7 of saturated water. The equivalent static head is 
(0.9 X 30) — (0.7 X 30) = 6 ft, which as already noted is avail- 
able to overcome resistances. 

From the foregoing rough illustration, it will be seen that 
circulation will be stabilized at whatever density and velocity 
exists when all losses equal the static head; i.e., head in down- 
comer equals head in riser plus all losses expressed in head. 

The term “dryness fraction” is the percentage of steam by 
weight in the mixture. ‘Top dryness’ is the percentage by 
weight of steam at the top of the tube or at the point where heat 
input ceases. 
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Inasmuch as the static head available to overcome all resist- 
ances depends upon the density of fluid in the risers and down- 
comers, any analysis of circulation must begin with the deter- 
mination of the density. This must be based on the correct 
rate of heat absorption by the exposed surface in the circuit being 
analyzed. 


Density Versus Heat ABSORPTION 


Fig. 2, curve 1, gives the true mean density in a heated riser 


l 
~, or expressed in the per- 


centage absorbed in any portion of the tube, Q (per cent) 
= 10 \1,.2 Curve 2 shows the mid-point density based on 60 
per cent of the heat absorbed in the bottom half of the tube. 
Curve 3 shows the mid-point density for 50 per cent heat ab- 
sorbed up to mid-point. Curve 4 is the true mean density for 
uniform absorption, and curve 5 is the arithmetic-mean density. 
All of these curves are based on saturated water entering the 
bottom of the tube. 

Fig. 3 illustrates the changes in density along the tube, the 


Q: 
for heat absorption based on Q: ” 


Q l 
lowest curve is based on Q = h The next curve corresponds 


to a heat input of Q = 

Q: 
mean of entrance and exit densities. The curves in Fig. 3 are 
plotted for saturated water at the bottom and a top-dryness 
fraction of 0.18, corresponding to a top density of 13.3 lb per cu ft, 
and a relative top density of 0.305 that of water at saturation 
temperature. 

To visualize further the effect which these methods of calculat- 
ing density have on the available static head, the available head 
for 100 ft of height of mixture when balanced against 100 ft of 
saturated water is shown in Fig. 4. 

In analyzing the circulation in a furnace-wall circuit, one must 
start with the total heat absorbed at maximum load and, as may 
be seen from the curves in Figs. 2, 3, and 4, select the absorption 


l 
i and the top curve is the arithmetic 


2**Factors Affecting Metal Temperatures of Furnace and Boiler 
Tubes,” by W.S. Patterson, Combustion, August, 1940, pp. 24-29. 
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rates along the tube which will give the correct density. Den- 
sity calculated for conditions of curve 1, Fig. 2, will give the 
maximum available head. However, it is quite probable that 
ash or slag accumulations on the lower part of furnace walls 
will at times lower the absorption rate in the lower part of the 
furnace. Design must provide for these unfavorable operating 
conditions, such as producing minimum available head. These 
conditions may result in uniform absorption for each increment 
of tube length and, under some unusual furnace condition, per- 
haps localized on a few tubes, it is possible that the absorption in 
the upper half of the tube may exceed that in the lower half. 
Such a condition will result in a higher mean density than that 
shown by curve 4, Fig. 2. 


CALCULATIONS FOR FURNACE TuBEs oF Typical UNIT 


For purposes of analysis of waterwall circuits, a unit of 650,000 
lb per hr capacity at 1350 psi pressure and 925 F total steam 
temperature is selected. Fig. 5 is a diagram of such a unit. 

From Fig. 5, it will be noted that the rear waterwall risers are 
connected through the lower drum to the fourth and fifth rows 
of tubes. An alternate connection to the top drum is indicated 
by the dotted line joining the rear waterwall with the front row of 
boiler tubes. Either arrangement is satisfactory, the selection 
depending upon the spacing of front boiler tubes, which in turn 
is fixed by the number of superheater elements. 


Fie.5 Sream-Generatine Unit or 650,000 La per Hr Capacity at 
1350 Pst anp 925 F Torat Steam TEMPERATURE 
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Steam generated in the boiler downcomers returns to the upper 
drum through some of the tubes in the fifth row. 
The feedwater temperature leaving the economizer is as- 
sumed to be 470 F. This feedwater will be raised to saturation 
temperature in a steam washer; to do this, 170,000 lb of steam 
per hr will be condensed in the washer. All of the water enter- 
ing into circulation beyond the drum containing the washer will 
be at saturation temperature and, therefore, all heat absorbed 
by evaporating tube surface will produce steam. H + 584 = lb 
of steam (where H is the total heat absorbed by the unit and 584 
is the heat of evaporation), and the total steam to be generated 
will be 650,000 + 170,000 = 820,000 lb per hr. 
The furnace is 30 ft wide and the boiler 35 tubes wide. There 
are three rows of tubes ahead of the superheater and eight rows 
behind it, of which the fourth and fifth rows are risers, the sixth, 
seventh, eighth, and ninth downcomers, and the tenth and 
eleventh downcomers from the rear or offtake drum. Also, 
there are 35 horizontal water circulators between the two upper 
drums. 
The furnace is so proportioned that 730,000 lb of steam per hr 
will be generated in the walls, 50,000 lb in the front three rows of 
boiler tubes in addition to that absorbed in those tubes by direct 
radiation from the furnace and, in the remaining eight rows 40,000 
lb, of which approximately 25,000 Ib will be evaporated in the 
four rows of downcomers, Nos. 6, 7, 8, and 9 and 12,000 lb in 
risers Nos. 4 and 5. 
The wall-tube units are two 3-in. bifurcated tubes, each pair 
of 3-in. tubes being forged into a short 3'/,-in. end at top and 
bottom. The bottom of the furnace is made up of 70 fin tubes 
3 in. diam, the front and back walls of 110 tubes 3 in. diam or 55 
pairs of 3-in. bifurcated units, and the side walls of 80 tubes 3 in. 
diam or 40 bifurcated units. The four furnace walls are supplied 
by 72 downcomers 3'/; in. diam between the lower drum and the 
round distributing header. 
From the distributing header 70 nipples 3 in. diam lead to the 
rear waterwall header and 20 tubes 3!/; in. diam to each of the 
lower side-wall headers. The upper front-wall header is con- 
nected to the front drum by 70 fin tubes 3 in. diam and the up- 
per side-wall headers by 30 tubes 3 in. diam. 
Using an average absorption rate of 70,000 Btu per sq ft pro- 
jected area of furnace wall per hr, the evaporation in each 60 ft of 
3-in. front and side-wall tube will be 
lb of steam per hr. Using this figure, the steam generated in the 
furnace walls will be as follows: 
Front wall, 110 X 1800 = 198,000 lb; rear wall 110 x 1800 = 
198,000 lb; side walls 80 X 2 X 1800 = 288,000 Ib. The roof 
of the furnace with an estimated absorption rate of 40,000 Btu 
per sq ft per hr will evaporate 45,500 lb per hr. This makes a 
total evaporation of 729,500 lb per hr. The remaining 90,000 
lb of steam will be generated by convection in the eleven rows of 
boiler tubes as previously described. 
An analysis will be made of the circulation in the front water- 
wall, side wall, and front row of boiler tubes only. These will 
serve as examples of the method which can be applied to any 
circuit in the boiler. 
Briefly stated, the problem is to determine the equilibrium 
point at which the available static head is equal to the sum of all 
losses in head due to velocity 


De D, 
xL=S8S 


D, = density of water at saturated temperature, lb per cu ft 
D, = density of mixture in downcomer, |b per cu ft 


= 1800 


in which 
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D, = density of mixture in riser, lb per cu ft 

L = length (height) from water level in drum to bottom of 
circuit, ft 

S = sum of all resistances 


To determine the total amount of water entering the bottom 
of all evaporating tubes divide the total weight of steam gener- 
ated by the assumed top-dryness fraction. From the weight 
of water thus found subtract the weight of steam to find the 
amount of water discharged into the front drum. Similarly, to 
find the amount of water entering the furnace-wall tubes, divide 
the weight of steam generated in the walls by the assumed top- 
dryness fraction. 

From the weight of water discharged by the front drum, sub- 
tract the amount flowing through the horizontal water circula- 
tors to the rear drum to obtain the weight flowing through the 
boiler downcomers. 

From these flows, the velocities of water in the boiler and water- 
wall downcomers is obtained for any top dryness. The water to 
the furnace walls is assumed to be distributed to the four water- 
walls in proportion to the calculated requirements. 

These flows and velocities for front and side-wall circuits are 
given in Table 1, as well as other necessary velocities, also mean 
densities, top densities, and available head. Mean densities are 
taken from curve 4, Fig. 2. 

TABLE 1 FLOWS AND VELOCITIES, ETC., FOR FRONT AND 
SIDE-WALL CIRCUITS 


Top-dryness fraction (assumed)... 0.135 0.15 0.165 0.18 
Steam generated, lb per hr........ 820000 820000 820000 820000 
Water to evaporating surface, lb 
6080000 5460000 4970000 4550000 
Steam to rear drum, lb per hr.. 820000 820000 820000 820000 
Water discharged to front drum, 
5260000 4640000 4150000 3730000 
Water fiow to rear drum, lb perhr... 1330000 1330000 1330000 1330000 
Water to boiler downcomers, |b 


3930000 3310000 2820000 2400000 
Water all downcomers, 

4875000 4450000 4050000 
Velonity i downcomers, fps. 5.95 5.05 4.35 3.65 
Velocity in waterwall downcomers, 

Velocity in 18-in. connecting nip- 

Velocity in floor tubes, fps......... 4.45 4 3.65 3.35 
in side-wall 

ity in 3!/«-in. bifurcated ends, 

— in 3-in. tubes at bottom, 

mene. density in 3-in. wall tubes, 

25.25 24.37 23.5 23.7 
a at point of mean density, 

4.87 4.55 4.28 4.15 
Density at top of 3-in. wall tubes, 

17.03 15.05 14.1 13.3 
Velocity at top of 3-in. wall tubes, 

Velocity entering roof tubes, fps. . 12.1 22.7 11.5 10.85 
Density leaving roof tubes, lb per 

Velocity leaving roof tubes, fps... 13.5 13.1 a7 12.4 
Available head, saturated 

water in downcomer, ft osscae' 25.2 26.3 27.5 28.7 
Velocity in side-wall risers, fps... .. 15.4 14.8 14.3 13.8 


From these velocities and densities, the various entrance, exit, 
friction, and acceleration losses are determined. Considering a 
circuit from the front drum through downcomers and up through 


the front wall, there are twenty-one distinct losses, including en- 
trance, exit, and friction in boiler and waterwall downcomers, in 
18-in. nipples, in floor tubes, in furnace-wall risers, and in roof 
tubes; in addition there are acceleration losses in boiler down- 


comers, furnace-wall risers, and in roof tubes. Entrance resist- 
ve 
ance cannot exceed 3 26 X relative density. Exit resistance 
g 


cannot exceed oe times relative density. For friction loss the 


4f lV? 
d X 299 
sity. Relative density is evaluated at the point where velocity 
is calculated. 


Fanning equation is used. Friction loss X relative den- 


V = velocity at point of mean density, fps 
g = 32.2 fpsps 
f = 0.006 
l = length of tube, ft 
d = diameter, ft 
T T T TT T T 
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Fic. 6. Loss in Heap For Various Top-DryNess FRACTIONS 


3 TABLE 2 RESISTANCES DUE TO VELOCITY 


Entrance’ Exit 


Boiler downcomers, ft. . 0.147 0.294 
Waterwall downcomers, ft 0.707 1.415 
18-In. nipple, 0.415 0.830 
Floor tu SS 0.1 0.208 
60-In. wall tubes, _ ee 0.228 0.730 
Roof tubes, ft........... 0. 0.72 

Side-wall downcomers, ft. 0.345 0.69 

60-Ft side-wall tubes, ft.. 0.228 0.730 
Side-wall risers, ft....... 0.955 0.955 


Total front-wall circuit, 


Accelera- Total Total 


Friction tion front side 

97 1.41 

5 9.92 11.33 
0.167 1.41 

228 0.544 
1.15 0.35 2.458 
2.04 0.44 3.86 
3.735 
1.15 0.35 ae 2.458 
3.6 5.5 

19.602 


23.028 


a 

. 
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Total side-wall circuit, 
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V; 
The leration loss is —— (V. 
e acceleration loss is 32.2 (V2 


entrance and V2 = velocity at exit. 

There may be some differences of opinion as to the correct or 
most logical method of figuring friction losses in heated tubes. In 
this paper, the friction factor of 0.006 is used, although 0.005 is 
generally accepted. It can be seen, however, that even if 
the friction losses in the riser tubes are doubled, the top-dryness 
fraction of both side and front walls will still be less than 0.17. 

As an example, an analysis of flow through the front and side- 
wall circuits with a top-dryness fraction of 0.165 will be taken. 
For this condition, the velocities, head, densities, ete., will be as 
given in column 8, Table 1. 

Because of the change in area, where the 3!/,in. bifurcated 
end joins the wall tubes and the change in direction and turbu- 


lence, the entrance resistance in the bottom and top wall header 
1 V2 


will be figured as — instead of 5 _—— 
29 2 2g 


V,), where V; = velocity at 


From the flow and velocities in column 3, Table 1, the resist- 
ances in the various elements of the circuits in feet of water at 
saturation temperature are calculated and listed in Table 2. 

Similar calculations for top-dryness fractions of 0.135, 0.15, 
and 0.18 may then be plotted, as in Fig. 6. At the intersection 
of the available head and resistance curves, the circuit is in equilib- 
rium and the corresponding top-dryness fractions that exist may 
be read from the curve. 


CALCULATIONS FOR BoILER TUBES 


The same method is applied to the circulation in the front 
bank of boiler tubes. Taking one of the front rows of boiler 
tubes, the evaporation is first determined by adding to the heat 
input by radiation, the convection transfer, and dividing by the 
latent heat. The evaporation per tube is approximately 2400 lb 
per hr. Again, as with the furnace tubes, this weight is divided 
by the assumed top-dryness fraction to find the weight of water 
entering the bottom of the tube. 

As 25,000 Ib of steam is generated in the boiler downcomers, the 
mean density in the downcomers is determined from the amount of 
steam generated and the flow through downcomers corresponding 
to the assumed top-dryness fraction. Velocities through the 
entire circuit and other necessary data are given in Table 3. 

At 0.18 top-dryness fraction 2,400,000 lb of water flow through 
the boiler downcomers. The mean density in the downcomers is 
approximately the same as the mid-point density, thus 2,400,000 
—12,500 = 2,387,500 lb of water per hr. The volume of steam 
and water = 58,875 cu ft; density = 2,400,000 + 58,875 = 41 Ib 
per cu ft. Relative density = 41 + 43.5 = 0.94. For other 
dryness fraction the densities are 41.2, 41.5, and 41.8, and the 
relative densities 0.945, 0.955, and 0.962. 

The tubes in the front row of the boiler are 3 in. diam and ap- 
proximately 34 ft long. There are only four resistances; namely, 
entrance, exit, friction, and acceleration. From inspection of the 
losses calculated for the waterwall circuits, it is obvious that with 
top-dryness fractions of 0.15 or more the available head will be 
greatly in excess of that required. To plot the equilibrium curves 
for the circuit, assumptions of 0.10, 0.08, and 0.06 top-dryness 
fractions will be used. No attempt will be made to correct 
the flow of water through the boiler downcomers to correspond to 
these assumed dryness fractions as the change in relative density 
would be small. The essential data are given in Table 3. 

The available heads and losses are plotted at the top of Fig 6 
and the head and loss curves drawn through the points. The 
intersection will be found at 0.075 top-dryness fraction. 

The upper available head curve Fig. 6, is based on saturated 
water in the downcomers. Correcting this curve for down- 
comer densities of 0.94, 0.945, 0.955, and 0.962, respectively, at 


TABLE 3 FLOW DATA, FRONT ROW OF BOILER TUBES 


‘Top-dryness fraction (assumed)............-.. 0.06 0.08 0.10 
Lb of steam per hr per tube...............-.- 2400 2400 2400 
Amount of water = bottom of tube, lb... 40000 30000 24000 
Volume of water, cfs.. 0.256 0192 0.1535 
Velocity entering, fps. . 8.45 6.4 5.12 
Mean density from curve 4, Fig : 2. Ib per eu ft. 32.4 30.0 238.0 
Velocity at mean density 11.35 9.3 7 96 
Velocity at exit, fps. . 15 0 12.9 11.7 
Density at exit, lb per cu ft.. : 24.5 21.3 19.0 
Head in downcomer, saturated water, 7%. 27 3 27.2 27.1 
Head of saturated water in riser, ft...... 20 85 19 2 17.9 
Available head, saturated water, ft 6.45 8 0 9.2 
Entrance loss, saturated water, ft... 0 55 0.32 0.203 
Exit loss, saturated water, ft....... 2.18 1 30 0.930 
Friction loss, saturated water, ft... 6 20 3.95 2.650 
Acceleration loss, saturated water, ft : 1 71 1.30 1.040 
Total losses, ft 10.64 6.87 4 823 


0.135, 0.15, 0.165, and 0.18 top dryness, the head will be as in 
the lower curve. The top-dryness fractions at the equilibrium 
points are 0.145 for the front wall and 0.155 for the side wall. 

It is possible to equalize the flow velocity in side and front walls 
either by increasing the resistance in the front-wall circuit, or 
decreasing the resistance in the side-wall circuit. 


CONCLUSIONS 


It appears from the foregoing analyses that the circulation in 
high-pressure units of the type illustrated is adequate for the 
maximum load conditions and with a comfortable margin for 
substantial overloads. 

Similar analyses of furnace-wall tubes 2'/, in. outside diam 
show equally adequate circulation. . 

Should it be necessary to reduce the losses below the figures 
submitted herein, downcomer areas should be increased. 

If the height of boiler furnace is decreased, the available head 
and friction losses in the downcomers and risers also decrease. 
All inlet and outlet losses and friction losses in the horizontal 
members are unchanged; therefore, there is a lower limit of 
height below which the circulation would become progressively 
less until the top-dryness fraction approaches unity, under which 
conditions the evaporating tubes would fail from overheating. 
It is obvious, therefore, that for high-capacity units of low height, 
natural circulation may become inadequate. 

For those who are interested, a more complete analysis of cir- 
culation flow, reference is made to a recent paper,? by W. Yorath 
Lewis and Struan A. Robertson. 


Discussion 


E. G. Baiutey.* The author has shown the application of the 
well-known fundamental laws of boiler circulation to a large 
high-pressure steam-generating unit of recent design. This 
undoubtedly will give many engineers a clearer picture of the 
problems involved in calculating circulation than they have had 
from the simpler illustrations available in the engineering litera- 
ture. 

While the author has made clear his assumptions and his 
general procedure in carrying out calculations, the writer believes 
it should be brought out even more clearly that assumptions 
should be correct, if the final calculations are to be in keeping 
with the actual results from the unit in operation. 

It should be further emphasized that experimental results 
from actual tests should be used to confirm or modify some of 
the more important assumed factors. The author amplifies 
the different methods of calculating mean density of steam- 


’ “Circulation of Water and Steam in Water Tube Boilers and the 
Rational Simplification of Boiler Design,’”” by W. Yorath Lewis and 
Struan A. Robertson, Proceedings of The Institution of Mechanical 
Engineers, London, England, vol. 143, June, 1940, pp. 147-175. 

‘ Vice-President, The Babcock & Wilcox Company, New York, 
N. Y. Mem. A.S M.E. 
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water mixtures, which is the fountainhead of boiler circulation. 
From actual field data, it is believed that the effective circulating 
head is likely to be less than any of the assumptions he has made, 
and certainly less than the ‘true mean density’’ used in the final 
calculations. This difference is believed to be partly due to the 
relative velocity of the steam and the water in the mixture. 
The mean density of any given circuit depends a great deal upon 
the relative heat absorption in different parts of that circuit. 
That of itself is a problem which requires. considerably more 
data from field tests, because there are a great many diverse 
conditions in different types of units, different types of firing, 
and different ash and slag conditions. 

The author has introduced an expression ‘dryness fraction”’ 
which will be new to many engineers. It is in reality “per cent 
of steam by weight”’ or the reciprocal of one often used, which is 
the “mixture-to-steam ratio.” Another term “pounds of water 
per pound of steam”’ is often used. Still another term “per cent 
of steam by volume” has much greater significance. It might 
be well for some consideration to be given to standardizing 
terms, so that we will all talk the same language. 

Units of the type described in the text, having both boiler and 
waterwalls supplied from a common source, must be designed so 
that the proper circulation will obtain in each circuit when all 
circuits are in equilibrium. This cannot be assured without 
solving all circuits simultaneously. 

In his conclusions, the author states that losses are reduced by 
. increasing downcomer areas. The fact should also be men- 
tioned that, in some types of circuits, this can be brought about 
to better advantage by increasing the riser areas. 

The fourth paragraph of the conclusions seems somewhat 
confusing because the friction losses in the horizontal members 
are actually reduced when the total circulating flow is reduced 
by the lower height of the heat-absorbing circuits, although the 
resistance of the horizontal members may be unchanged. 


Frep Dornsrooxk.’ In his conclusions the author indicates 
that circulation is adequate “until the top-dryness fraction 
approaches unity.”” He probably does not wish to convey the 
impression that high-pressure high-capacity designs can employ, 
for instance, 99 per cent steam and 1 per cent water in the risers 
under peak conditions. 

It is submitted that, for the high reliability requirements of 
modern high-pressure high-capacity boiler units, circulation 
requires more involved study than simply a calculation of 
average circulation velocities and dryness factors. Perhaps 
the author will tell more of his experience in regard to limiting 
velocities, dryness fractions, and heat-transfer rates. 


M. H. Kuuner.* The author’s treatment of the theory of 
available force to produce natural circulation for higher-pressure 
steam-generating units is a valuable addition to boiler-design 
information. Such analyses are necessary to prevent the 
operating difficulties of higher-pressure installations, resulting 
from insufficient circulation, as reported for some installations 
placed in service during the last few years.’ 

The author may wish to amplify his conclusions by mentioning 
that entrance and discharge losses of tubes connected to boiler 
drums and waterwall headers are difficult to determine. These 
losses depend largely upon the density of the fluid and direction 
of flow in reference to entrance and discharge openings and the 


’ Chief Engineer of Power Plants, Wisconsin Electric Power 
Company, Milwaukee, Wis. Mem. A.S.M.E. 

* Chief Mechanical Engineer, Riley Stoker Corporation, Worcester, 
Mass. Mem. A.S.M.E. 

7 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing,” by E. P. Partridge and R. F. 
Hall, Trans. A.S.M.E., vol. 61, 1939, pp. 597-621. 
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possible turbulence existing in drums and headers. From the 
standpoint of practical design, it may be suggested that water- 
wall headers be made large in internal areas and that the water 
supply to bottom headers and the offtakes from the upper headers 
be liberal in area and uniformly distributed over the length of 
these headers. This for the purpose of obtaining minimum dis- 
turbance of flow in the vicinity of entrance and discharge of the 
steaming tubes. 

In applying the author’s theories to practice, it should further 
be pointed out that the distribution of heat to individual groups 
of steaming tubes, such as the group of side waterwall tubes or 
rear waterwall tubes, is not uniform for each single tube. Those 
tubes placed closest to the source of heat, such as the tubes in 
the middle of the side waterwalls or those directly opposite the 
burners in the rear wall of the furnace, may contain a steam- 
water mixture of considerably lower mean density than other 
tubes of the same group placed in the corners of the furnace, or 
which may be otherwise shielded from direct radiation. The 
mean top-dryness fraction of the individual group of tubes may 
show to be safe while at the same time the top-dryness fraction 
in a few of the tubes may be unity, so that these tubes are over- 
heating. The same problem applies to the steaming tubes of 
the boiler. It is known that those tubes placed over the center 
of the furnace are subjected to higher radiation and gas tem- 
peratures than the tubes near the side walls. 

It would be interesting to apply the author’s theoretical 
investigation of circulation to one or more of the installations 
discussed in E. P. Partridge and R. F. Hall’s paper.’ 

The further conclusion, drawn from the author’s paper and 
applied to practice, shows the importance of proportioning the 
flow areas in circulatory systems of waterwalls and boilers of 
higher-pressure installations as liberally as practical and with a 
minimum of obstructions or changes in cross-sectional areas, 
so that the losses of flow in tubes, headers, and drums be kept 
at a minimum. 

Another important factor influencing the available foree pro- 
ducing natural circulation is the density of the fluid in the down- 
comer tubes. The buoyancy of steam formed in downcomers 
tends to oppose downflow of water. Therefore, downtake tubes 
must not be exposed to high gas temperatures. 

It would appear, that, if a given boiler unit should be operated 
at various pressures, a particular dryness fraction would be 
realized for each particular pressure. A definition by the author 
of the force governing this relation would be interesting. 


E. F. Less.’ If the heat absorption in parallel circuits is not 
equal for each circuit, the possibility exists that the flow rate 
through certain tubes varies widely from the flow through the 
others; under certain conditions, the flow can reverse and a 
riser may operate as a downcomer, This is due to the circum- 
stance that various flow rates may result in the same pressure 
difference. This condition is referred to as instability. In the 
following, two methods are outlined to examine whether, for a 
given case, the same pressure difference which is maintained by 
the flow rate through the bulk of the tubes may also correspond 
to other flow rates. Uniform heat input over the entire tube 
length is assumed. 


Forcep-FLow TuBEs 


This system has no recirculation and no economizer. The 
tubes are very long. Therefore, pressure losses other than due 
to friction can be neglected. The direction of flow is assured, 
but the rate may be undetermined. The feedwater enters 


8 Combustion Engineering Company, Inc., New York, N. Y. 
“Unstabilitat der Stromung bei natiirlichem und Zwangsumlauf,” 
by M. Ledinegg, Die Warme, 1938, pp. 891-898. 


es" 

og 

— 

: 

7 


VAN BRUNT—CIRCULATION IN HIGH-PRESSURE BOILERS AND WATER-COOLED FURNACES 345 


cold, is heated to saturation temperature in the lower section 
of the tube, and is completely evaporated in the upper section. 
The relative length of both sections depends upon the specific 
flow, i.e., the flow rate divided by the heat input. Since the 
friction loss is less in the section containing the liquid than in 
the section containing the steam-water mixture, it is possible 
that the pressure loss decreases while the saturation point moves 
upward due to an increasing flow rate. The relation between 
flow and friction is obtained as follows: 

The force of friction is assumed proportional to the kinetic 
energy of the flowing fluid and to the area of friction between 
fluid and tube, hence 


2 
dF =fx® = x 


where f = friction factor, p = density of fluid, w = flow velocity, 
D 
R= +" tube radius, | = tube length. 


Then, the pressure due to this force is obtained by division 
by the cross area 
dF 


dP = —, = owtdl.. 


1 
Substituting the specific volume v = a and introducing the 


flow rate 
w 
G = xk? — lb per sec 
v 


Equation [1] can be written 


fv 


dP = G'dl. .. 
From this equation the pressure drop can be calculated for both 
tube sections. Over the entire tube length L the heat Q is sup- 
plied in unit time. If the heat necessary to bring the water to 
saturation temperature is H Btu per lb, then the length of the 
lower tube section L’ is 


GH 
Q 


The specific volume of the fluid nearly equals the volume of 
saturated water »’. Then, the pressure drop in the lower section 
is 


WES 
Q 


The volume of the steam-water mixture in the upper tube section 
is 


AP’ = .. [3] 


where v” = specific volume of saturated steam. 

For uniform heat absorption, the ratio of the dryness z at the 
point / to the dryness 2 at the end equals the ratio of the per- 
taining lengths of the upper tube section 


All heat, added in the upper section, serves to supply the heat of 
evaporation r. Then, the total amount of steam generated is 
given by 


From Equations [5] and [6], the local dryness fraction is ob- 
tained as 


and the local volume of the steam-water mixture from Equation 
[4] is 


8 
L v v . [8] 


If this value is substituted into Equation [2], integration of this 
equation between the limits L’ and L then gives the pressure 
drop in the upper section as 


H 


and the pressure drop through the entire tube is 


» 
SP = AP’ + AP = OortR® 
where B = 
v 


From this relation the pressure drop, for constant values H, 
can be represented by curves of the type shown in Fig. 7 of this 


oP 


Fic. 7 Curves REPRESENTING PrREssuRE Drop FOR CONSTANT 
VaLuEs or H 


discussion. For small values H, there is a monotonous rise of 
pressure drop with the flow rate. At a certain higher value H, 
the curve shows a horizontal point of inflection, which indicates 
the transition from the stable region to the unstable region. 
For still higher values H, the curve has a maximum and a mini- 
mum; between these, the pressure drop decreases while the 
flow increases. In this region, three different values of the flow 
rate result in the same pressure drop; any one of these flow rates 
may exist in such a tube, when the pressure drop is given by the 
operating conditions of the other tubes. The location of the 
maximum, minimum, and point of inflection depends only on 


G 
the specific-flow rate, Q (Ib per Btu). The value H, above 


which the region of instability begins, is that for which the first 
and second derivatives of Equation [10] are zero. It is found 
by differentiation that 


H = (44 — = 7.464~........... [11 
B B 
while the pertaining value of the specific flow is 
G 12—3._B 
VR—3 = 0.07735 (12) 
Q 6 r r 


Further improvement may be applied to these calculations by 
assigning to the friction factor (which is here assumed as con- 
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stant) a certain function of the Reynolds number and thus 
handling f as dependent upon G also.'® 

It must be determined whether the range of instability can 
be reached under usual operating conditions. Since complete 
evaporation of the water was assumed, the flow rate which 
satisfies the instability condition must not be higher than the 
amount of water which ean be evaporated by the heat quantity 
Q, namely 


G 
Q Ht+tr 
G 
The curves for 5 from Equations [12] and [13] are plotted in 


Fig. 8 of this discussion, against the saturation pressure. It 


4 + i 4 } = 

4 +t 4 1 } t | t 
a 14 i 

; 

+ ++ ttt = + - 


Fig 8 Instasrurry Conpition FOR Forcep-CrrcuLation TuBES 


RES 


Fic. 9 InstaBILity IN Forcep-CircuLaTion TuBes at 1350 Pst 


follows from the diagram that only for pressures higher than 
2120 psi the range of beginning instability is reached. In the 
lower part of Fig. 8 are plotted the entrance temperatures of the 
water belonging to the values H, as calculated from Equation 
{11] for the same pressures. It is shown that, for those pressures 
where the range of instability could be reached, the entrance 
temperatures are below 120 F, a condition which is quite unlikely 
to be encountered. Since, for still higher values H the maxi- 
mum of the AP curves moves to smaller values G, there is still 
a possibility that the range of instability may be reached. This 


10 “Stabilitat der Strémungsverteilung in Heizflaichen mit Zwangs- 
durchlauf,”’ by A. Kieinhans, Archiv, fiir Warmewirtschaft, 1939, pp. 
135-138. 
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check is made in Fig. 9 of this discussion for 1350 psi pressure. 
G 
The specific flow Q’ when AP has a maximum, has been cal- 


culated for various values H by differentiation of Equation [10| 
and plotted against the corresponding entrance temperatures, 
together with the curve of the amount of water which can be 
evaporated according to Equation [13]. It follows from Fig. 9 
that, only for entrance temperatures below 170 F, the range of 
instability can be reached at this pressure. It has thus been 
shown to be quite unlikely in foreed-flow tubes that the range 
of instability may be reached under normal operating conditions. 
NATURAL-CIRCULATION TUBES 

The problem has a different aspect in a natural-circulation 
system. Only a fraction of the circulating water is being evapo- 
rated. The entering water has been heated in an economizer 
to 2 temperature approaching saturation. Therefore, the satu- 
ration point ean be assumed to be at the tube entrance, and a 
steam-water mixture of varying dryness fills the entire tube. 
The direction of the flow is not assured and reversion of flow 
may occur, but only one value of the flow rate is possible as 
long as the fluid flows upward. The pressure difference between 
the lower and upper header consists now of the static head, the 
entrance loss, the acceleration loss, and the frietion loss. We 
consider a circuit through a system of waterwall (vertical) tubes. 
For upward flow, the three losses diminish the pressure with the 
height; they act in the same direction as the static head, and 
the pressure drop due to the losses must be added to that due to 
the head. For downward flow, the losses act in the opposite 
direction to that of the static head, and the pressure drop due 
to them must be subtracted from that due to the head. The 
pressure difference due to the static head is 


L 
o 


where v has to be substituted from Equation [4]. In this ease 
(L’ = 0) the ratio of the local dryness to the top dryness is 


Then the dryness at the length l is 
Ql 
r= 
Gr L 


If this value is substituted into Equation |14|, integration gives 
the static head as 


GLr BQ 
BQv’ In + | 16| 


The entrance loss is 


AP, = 


The acceleration loss is 


(8 
q rh? 


or with the use of Equation |15] 
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and the amount of steam generated is 
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v'BQG 


AP, = 
gr? 


The friction loss is obtained from Equation [9] if we take H = 0 


fLv'G? BQ 
= ; 


The total pressure difference is 
SP = AP, = (AP, + AP, + AP,) 


where the plus sign is for riser tubes and the minus sign for down- 
comer tubes. From Equations [16], [17], |18], and [19] follows 
the total pressure difference 


L\ BQ 


“4 


MEAT SUPPLED 


Mass Fion “ue 


Fig. 10 Instapitity CONDITION FOR WATERWALL TUBES 
(» = 1350 psi; 1.) 


This relation between pressure difference, flow rate G, and heat 
absorption Q is shown in Fig. 10 of this discussion for the following 
example: 

The pressure is 1350 psi, tube length 50 ft, tube diameter 3 
in., friction factor f = 0.005. The steadily rising curves on the 
right-hand side refer to riser tubes, while the curves on the left- 
hand side which all go through a maximum refer to downcomer 
tubes. To each heating rate belongs one curve, consisting of 
two branches. When the mass flow in a riser is large enough, 
such that a horizontal line traced through the pertaining pressure 
difference does not intersect with the corresponding branch for 
the downcomer, then the flow is stable. There will be one flow 
rate at each heating rate, where the horizontal line through the 
pressure difference just touches the curve branch for the down- 
comer. This flow rate then represents the limit between the 
stable and unstable region for the given heating rate. For lower 
mass-flow rates, the horizontal line will intersect twice with the 
corresponding branch for downward directed flow; each of the 
three flow conditions may then exist in the tube, and the flow is 
unstable. Therefore, waterwalls must be laid out for such flow 
rates as assure stability of flow at the desired heat-absorption 
rate. 


AUTHOR’s CLOSURE 

Mr. Bailey is right in stating that the assumptions made in 
this paper should be correct. It would be better to state that all 
assumptions should be as nearly correct as it is possible to make 
them under the known conditions. It should also be understood 
that such assumptions cannot and need not be exact. 

The desirability of actual tests to confirm circulation calcula- 
tions cannot be questioned. In the absence of such tests, the 
operating records of a large number of similar high-pressure boil- 
ers may serve as a substitute. 

The criterion of adequate circulation is the complete protection 
of the tubes. Just what is necessary to obtain such complete 
protection is not positively known. Each case is a problem in it- 
self. In general, the degree of protection is dependent upon the 
percentage of water by volume, the velocity of the mixture, the 
inside diameter of the tube, and the position of the tube, i.e., 
whether it is vertical or at some angle from the vertical. 

The mean-density determinations must start with the total 
heat input to the circuit and also the distribution of this input 
along the tube. If heat inputs are as assumed in Figs. 1 and 4 
of the paper, the densities will be as calculated for these condi- 
tions, unless the steam moves faster than the water, in which case 
the mean density will, of course, be higher than calculated. How- 
ever, for tubes of 2'/, in. inside diam and less, it is believed that 
there is little difference between the steam and water velocities, 
except for a relatively short distance from the bottom end of the 
tube. 

If the arithmetic-mean density is used in calculating head and 
the same top-dryness fractions are used, in the assumed case the 
front and side walls will be in equilibrium at top-dryness fractions 
of 0.17 and 0.18, corresponding to approximately 75 per cent 
steam by volume. 

Designers recognize the fact that absorption in different parts 
of a circuit, or in different parallel circuits, will vary due to con- 
ditions of firing, burner location, slag accumulation, etc. Here, 
the designer must rely on judgment based on his experience. 

The term “dryness fraction’ was used by Lewis and Robertson 
in the paper’ referred to in the author’s paper. The term seems 
to be fully explanatory and certainly less clumsy than “per cent 
of steam by weight.”’ The reciprocal of top dryness, that is, the 
weight of water entering the circuit, divided by the weight of 
steam generated is the circulation ratio, which the author be- 
lieves is also fully explanatory. The term “dryness fraction” can 
be used for any amount of steam by weight at any part of the cir- 
cuit for which this information is desired or known, while the top- 
dryness fraction is the percentage of steam by weight at the 
point where the heat input ceases. 

If different circuits are nearly identical, they may be solved 
simultaneously, otherwise they are solved separately and after- 
ward corrected for any deficiency. In the paper, for example, the 
side wall and front wall are in equilibrium at different top-dryness 
fractions. Although not necessary, these circuits can be brought 
into equilibrium with the same top-dryness fraction by decreasing 
the resistance in the side-wall circuit. 

Losses may be decreased by increasing either riser or down- 
comer areas as Mr. Bailey suggests. In the assumed boiler, there 
are as many risers as can be conveniently used, therefore, the best 
method for reducing the side-wall losses is by decreasing the 
downcomer area. 

There might readily be some confusion in following the con- 
clusion that decreasing the height of the furnace progressively de- 
creases the circulation. However, if the total heat input remains 
the same, the available head will decrease and the top-dryness 
fraction will increase. With the increase in dryness, resistance 
will also decrease, but not as rapidly as the loss in head. 

Mr. Dornbrook has brought up a point which is well worth 
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discussion. It is the author’s opinion that the safe “dryness 
fraction” at the top of a steam-generating tube depends upon a 
number of conditions, e.g., tube diameter, velocity, position of 
tube, whether horizontal or inclined, pressure, and heat input at 
the top end of the tube. It is believed that at any pressure a 
mixture of 75 to 80 per cent steam by volume will provide ample 
protection to tubes at the top end, provided the velocity of the 
mixture is sufficient to cause turbulent flow. 

It is hoped that, as experience with large high-pressure units 
becomes more extensive, data on limiting velocities, dryness frac- 
tion, and transfer rates will become available. 

With reference to Mr. Kuhner’s comments on entrance and 
discharge losses in headers, these losses, expressed in head of fluid 
flowing, may be assumed as correct, provided the flow of fluid is 
across the header and not lengthwise. If the flow through the 
header is axial, naturally, headers should be of ample cross sec- 
tion to insure low axial velocity. In the paper, entrance losses 
were figured at twice the maximum theoretical figure of '/, 
V?2/2g to compensate for possible turbulence losses in headers. 

If top-dryness fractions are figured for the maximum heat 
input, tubes having less than maximum heat absorption will have 
a lower top-dryness fraction. If, however, adjacent tubes ab- 
sorb heat in greatly differing amounts, circulation may become 
unstable unless each tube connects directly with the drum with- 
out the interpositioning of an intermediate header. 

The influence of heated downcomer tubes in a boiler bank is 
pointed out in the paper and, in such units as described, the 
lowered density due to the small amount of heat absorbed in 
the downcomer bank is not sufficient to impair the circulation. A 
downcomer bank, following a large furnace and a high-tempera- 
ture superheater, absorbs but a small fraction of the total ab- 
sorbed by the boiler and furnace. 

As to the effect of change in pressure on the top-dryness frac- 
tion, it is obvious that, due to the increase in specific volume of 
steam, the calculated velocity of the mixture will increase at 
lower pressure for the same top dryness. The increased resistance 
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will then increase the top-dryness fraction. Whether this de- 
crease in percentage of water will necessitate a lowered rating will 
depend upon the liberality of design. For the relation between 
top-dryness fraction and relative volumes of steam and water 
refer to a previous paper" by the author. 

As to Mr. Kuhner’s suggestion that this method be applied to 
a study of the circulation of the boilers described in the paper’ 
by Messrs. Hall and Partridge, it is the author’s opinion that 
circuits such as shown in Fig. 3 of that paper cannot be analyzed 
by any known method. 

In circuits such as that given in Fig. 14, showing the furnace at 
Rivesville, and Fig. 27, the Logan Station, also from that paper, 
analysis discloses entirely adequate circulation for the protection 
of the upper ends of the circuits. In such tubes, the velocity of 
the water entering is low, probably between 1'/; and 3'/; fps. 
At these velocities steam will segregate along the top of the tube 
and will remain so segregated until the velocity becomes high 
enough to cause turbulent flow. Such steam segregation or 
blanketing is the cause of the corrosion encountered in these in- 
stallations. 

Mr. Leib calls attention to the study of stability conditions 
of flow. He has improved the method developed in Germany 
by eliminating some simplifications and introducing the correct 
terms instead. It certainly is desirable to enable the designer to 
check dow conditions in a given tube system by means of an exact 
method. It must, however, be borne in mind that the method 
devised requires the knowledge of the amount of heat absorbed by 
the individual tubes in a parallel circuit. In general, this amount 
of heat can only be estimated. Therefore, the success of the 
method hinges entirely upon the accuracy of this estimation. As 
the knowledge of temperature distribution in furnaces progresses, 
this accuracy will undoubtedly improve, and, at the present state 
of our knowledge, a check of the stability of circulation in all 
cases where there is any doubt of stability is very desirable. 


11 ‘Design of High Capacity Boilers,” by J. Van Brunt, Trans. 
A.S.M.E., vol. 60, 1938, Fig. 10, p. 488. 
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Recent Developments of the Pease- 


Anthony Gas Scrubber 


By R. V. KLEINSCHMIDT! anpv A. W. ANTHONY, JR.,2 CAMBRIDGE, MASS. 


This paper brings up to date recent developments in an 
improved cyclonic-spray scrubber. Theory of design is 
discussed briefly, but more attention is devoted to actual 
installations and their performances, troubles, and pos- 
sibilities. A table of test data is given covering units from 
200 to 50,000 cfm. Scrubbing of boiler flue gases for fly- 
ash removal is covered with particular emphasis on pos- 
sibilities for improved efficiencies and lower costs; possible 
benefits and economies through recovery and sale of SO, 
are indicated. Two installations for treatment of tar 
fog are described. Application to the cleaning and cool- 
ing of blast-furnace gas is reported in a preliminary way. 
A modification, retaining the principles of fine atomiza- 
tion but with the gas and liquid in countercurrent con- 
tact, is described, and compared favorably with bubble- 
cap columns and packed towers. Miscellaneous special 
applications are listed briefly. 


T IS four years since M. D. Engle (3)? reported to the A.S.M.E. 
on the first full plant installation of Pease-Anthony cyclonic- 
spray scrubbers. Since that time, development has pro- 

ceeded actively so that, although these scrubbers are still in 
regular operation, they must, in the light of present standards of 
efficiency and economy, be regarded as obsolete. It would not 
be difficult to modernize this installation, for the physical 
changes involved are minor, involving only nozzles and baffling, 
as will appear later. 


THEORY OF SCRUBBING 


The cyclonic-spray scrubber consists of a cylindrical chamber 
with a tangential gas inlet of suitable cross section near one end 
and a central gas exit at the other end, Fig. 1. A suitable spray of 
finely atomized particles of the scrubbing fluid is formed near the 
axis of the cylinder in the region directly above the inlet. Rota- 
tion of the gas in the chamber, due to the tangential entrance of 
the gas at a controlled velocity, causes the spray particles to 
travel outward through the gas to the walls of the chamber. 
The radial motion of the water particles across the gas stream 
causes them to collide with the dust particles and carry them to 
the walls from which they are washed down and discharged from 
the scrubber. 

At the time these flue-gas scrubbers were designed, we had only 
hazy notions of the theoretical basis of design. The patent* in- 
dicated the necessity for using finely atomized spray, but it was 
believed that this was mainly because of the larger frontal area 


1 Physicist, Arthur D. Little, Inc., Consulting Engineer, Pease- 
Anthony Equipment Company. Mem. A.S.M.E. 

? President, Pease-Anthony Equipment Company. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

‘‘*Method of Washing Gases,’”’ by F. F. Pease, U. S. Patent No. 
1,992,762, Feb. 26, 1935. 

Contributed by the Process Industries Division, and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


and better distribution of water particles. This view did not 
account for the rapid decrease in scrubbing efficiency, which is 
noted in the case of fine dusts, fumes, and smoke in all spray 
types of gas washers. Various reasons have been assigned for 
this phenomenon, among which may be mentioned inability to 
wet the dust particles, adsorbed gas layers, electric charges, and 
surface coating of the water droplets by the large number of fine 
dust particles which each water drop must remove. In most 
cases these appear to be decidedly minor effects, the major 
effect being simply derived by considering the aerodynamies of 
the collision of two particles surrounded by a gas. If the two 
particles are of comparable size the gas has little effect on the 
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collision but, if the particle which is in motion relative to the gas 
is large, it will be surrounded by a streamline pattern in the gas 
which will carry small air-borne particles around it without col- 
lision, Fig. 2. This effect has been demonstrated by H. G. 
Houghton (1) in his work on sampling fog droplets in the air. 
Houghton has found that the sampling efficiency of a flat plate 
held in an air stream falls off rapidly for fog particles of a diameter 
smaller than about 0.001 of the width of the exposed plate. In 
the case of water particles hitting gas-borne dust particles, the 
effective diameter ratio is of the order of 200 to 1. This permits 
a direct quantitative computation of the effectiveness of any type 
of spray on any dust, fog, or fume of known particle size. 

As to the type of spray, we have obtained with Houghton’s 
cooperation considerable information on the numbers and sizes 


TABLE 1 SIZE DISTRIBUTION OF WATER DROPLETS FROM 
CENTRIFUGAL NOZZLE, 0.188 IN. AT 65 PSI, 60 Fe 


1 2 3 4 5 6 
Area 
Diameter | Number | Number per cc. of 
of drop! | of drops | per cc. of % of spray % of 
microns |measured spray? volume sq.cm area 
25 878 97,250 0.072 1.9 1.48 
SO 460 51,000 4.0 
100 190 21,000 6 6 
150 89 9.850 1.75 69 5.38 
200 53 5.870 2.46 7.4 5.78 
250 33 3,650 3.00 7.2 5.61 
300 22 2,440 3.46 6.9 S 38 
350 16 1,770 3.97 6.8 §.30 
400 13 1,440 4.83 5.61 
450 11 1,220 5.84 7.8 6.09 
500 10 1,107 7.25 8.7 6.79 
550 & 886 7.74 8.4 6 85 
600 7 776 8.79 8.8 6.87 
650 6 664 9.59 &.8 6.87 
700 5 554 9.68 &.5 6.64 
750 4 443 9.84 7.8 6 OX 
800 3 332 8.94 6.7 §.22 
850 2 221 7.13 5.0 3.90 
900 1 110 4.22 2.8 2.18 
950 0 0 0 
1200 0 0 0 0 0 
1,811 200,583 100.00 128 2 100 00 


® Courtesy of American Institute of Chemical Engineers. 


TABLE 2 SIZES AND 
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of spray particles formed by certain types and sizes of nozzles at 
various pressures, Table 1 (table for one nozzle). As to the sizes 
and properties of dusts, a great deal has been written in a general 
way, but it is difficult to obtain adequate data for design purposes 
on most of the finer dusts and fumes, Tables 2 and 3. In fact, 
in the case of extremely fine fumes and fogs, it may be simpler to 
determine particle sizes from operation of a pilot plant than to 
measure them directly, especially in the case of liquids or tarry 
fogs which agglomerate readily. Once the characteristics of 
the dust are known, it is a simple matter to apply the collision 
theory to determine the diameter and height of scrubber cham- 
ber, the number and size of nozzles, pressure of water, and 
pressure drop of gas. Several of these factors may be selected 
to meet the particular conditions, the others being then deter- 
mined by the design theory. The details of this design method 
have been given by Kleinschmidt (2), but a résumé will be given 
here. 

The collision theory assumes that dust removal is due solely 
to mechanical collision of moving water droplets with dust 
particles which happen to be in their path. It is also assumed, 
as previously explained, that only water particles less than 200 
times the diameter of the dust particles are effective. It is as- 
sumed that the effective length of path of the water particles 
through the gas is the radius of the scrubber. These assumptions 
lead to conservative estimates of scrubbing efficiency in most 
cases. Taking into account the fact that the probability of hitting 
a dust particle becomes less as the concentration of dust in the 
gases decreases, we obtain as an expression for the efficiency of 
scrubbing: 


Efficiency = 1 — e@2W/4dG) 


where D 


= diameter of scrubber, in. 
d = diameter of water particles, in. 
W = effective volume of water sprayed, cfm 
G = volume of gas scrubbed, cfm 


Values computed from this equation are given in Table 4. 
Since the fineness of atomization which will be effective de- 
pends upon the size of the dust particles, it is necessary, in ap- 


PROPERTIES OF DUST PARTICLES AND FUMES? 
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sspecific grovity, nounits viscosity of t ules, microns 
apporotus for Special cy cyclones = 
| Raindrops | | | | Mi | | | | 
| | T repre limits 
| | | _Oil smoke | it icle size, broken line 
articles ist! | | ‘arbon blac line comprise pt. 
ypical | | those toward ri prt of 
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* Courtesy of Chemical and Metallurgical Engineering. 
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plying this formula, to work out the efficiency of removal for each 
size range of the dust to be caught. The height of the scrubber 
and the inlet velocity required are computed from the centrifugal 
force necessary to drive the finest spray particles across the gas 
stream while the gas is within the scrubber. 

It is interesting to note that entrainment of spray particles in 
the exit gases may occur at low gas loadings, since the centrifugal 
force decreases as the square of the gas inlet velocity while the 
axial velocity decreases only in proportion to the inlet velocity. 
Also, the gases rotate more or less in the manner of a solid 
cylinder, so that the centrifugal force at the axis is zero. Two 
recent improvements now incorporated in scrubber designs take 
care of these conditions. For low gas loadings, a swinging dam- 
per in the inlet permits control of that area with variation of gas 
flow, so as to maintain the gas inlet velocity at a suitable value. 
The height of the scrubber can be materially decreased by putting 
a circular plate baffle just above the spray manifold to act as a 
core buster to force all gas and spray away from the axis out into 
regions of higher centrifugal forces. See Fig. 1 


Pitor PLants 


It has already been noted that pilot plants are frequently de- 
sirable when handling new types of dusts or unusual conditions. 
Several recent installations have been made for this purpose, and 
it is important, in considering the results obtained, to bear in 
mind their nature and significance. 

The purpose of a pilot plant is primarily to obtain certain 
specific engineering information, which cannot be obtained in 
the laboratory, for use in design of a larger plant. It is not in- 
tended to demonstrate the efficiency either of a unit of its own 
size or of a larger unit. In fact, it is important that it should not 
be designed for high efficiency since, if overdesigned, it becomes 
more difficult to obtain useful data. For this reason efficiencies 
of 50 to 80 per cent are better than higher ones. Another fact to 
be remembered is that, for a given efficiency, the ratio of spray to 
gas scrubbed is, inversely, as the diameter of the scrubber, so that 
a pilot-plant scrubber of 3 ft diam would require 5 times as much 
water per 1000 cu ft of gas as would a 15-ft unit of the same effi- 
ciency. At the same time, since the gas must accelerate the 
spray droplets introduced, excessive amounts of water reduce 
the rotation of the gas unduly and necessitate high pressure drop 
in the pilot-plant unit. For these reasons and others of similar 
nature, it is not possible to demonstrate either the efficiency or 
the economy of a large installation in a pilot plant. It is possible, 
however, to obtain data from which efficiency and economy may 
be computed with considerable accuracy. 


I-NGINEERING PROBLEMS 


The scrubber shell proper presents no serious problems. It 
may be made of steel and lined with acidproof tile if corrosive 
conditions are severe, or it may be a self-supporting bonded-tile 
structure. Large-size glazed sewer pipe has been suggested for 
small scrubber shells, Fig. 3. In any case, corrosion and erosion 
must be carefully considered. Gas flows of from 1000 to 60,000 
cfm (60 F basis) are easily handled in neat shells, at axial 
velocities of 100 to 500 fpm. 

Nozzles present the most serious problems in materials. For 
fine atomization, large numbers of relatively small nozzles are 
required, and high pressures are desirable. Available materials 
and cost limit the pressures used to approximately 200 psi even 
with clean water; and waters containing silt or recirculated dust 
limit the pressure to around 60 psi. Even at these pressures, 
mechanical strength, and corrosion and erosion resistance limit 
the available materials. Some of the so-called “lava” materials 
have been useful in resisting acid corrosion; they are cheap, 
abrasion-resistant and resistant to most acids, but must be pro- 
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tected from mechanical and hydraulic shock. Brass is good only 
for clean water at low pressures. Hard rubber has been used 
to resist dilute fluorine compounds at low pressure. A new 
type of nozzle now under development gives promise of eliminat- 
ing most of the erosion troubles experienced with spin-chamber 
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pressure nozzles, Every problem, however, requires a special 
study of the nozzle, and pilot-plant experience will often be 
valuable, until a vast background of experience has been ac- 
cumulated. 


AUXILIARY EQuipMENT 


Handling Solids. Most scrubbing jobs require not only getting 
the solids into the liquid, but also getting them out of the liquid, 
either: for recovery of the solids or for recirculation of the 
liquid. The solids may have value, or may be a costly nuisance. 
Local conditions usually dictate which of the numerous methods 
available should be selected. Fly ash from boilers has been settled 
out in Callow-type inverted cones, and the thickened underflow 
run to ash tanks for further settling. Tar from a certain tar fog 
formed a sticky mass which would not flow; as there was plenty 
of fresh water available, the effluent water drops its tar in an 
outdoor sump which is cleaned by a clam-shell-bucket crane 
several times a year, and the water then goes to waste. Soluble, 
valuable chemicals can be concentrated by recirculation in many 
cases, with a bleed-off going to processes already in operation. 
When hot gases containing chemicals are to be cleaned, the 
scrubber may be tied in with a spray drier, as shown in Fig. 4, 
the scrubber recovering dust from the drying operation while 
acting as a concentrator of the dilute solution. 

Pumps. Centrifugal pumps with rubber-lined casings and 
rubber-coated impellers have given satisfactory service for 60 
psi 115 F, weakly acid water carrying a small amount of fly ash 
in suspension. Numerous alloys were tried, without success. 
The cost and corrosion problems in high-pressure pumps limit 
the use of high nozzle pressures for corrosive conditions. 

Piping. Rubber-lined pipe, with different degrees of hardness, 
has been useful. Tile pipe is frequently cheaper but must be sup- 
ported. Lead pipe or lead-lined steel pipe and monel pipe have 
been used for certain severe conditions. 

Although much of the development work on auxiliary equip- 
ment has been related to corrosion resistance, this problem is no 
more severe than with other types of wet scrubbers. The 
simplicity of the cyclonic-spray scrubber facilitates the attain- 
ment of resistance to corrosion and has therefore directed our 
attention to problems which no other equipment could handle. 


ComMMERCIAL DEVELOrPMENTS—FLUE 


Flue-gas scrubbing is one of the most promising fields for this 
equipment, but widespread application has been held up pending 
full development of SO, recovery and sale, as a logical attack on 
the corrosion problem. 

The only major installation of cyclonic scrubbers has been 
described by Engle (3). Two boilers were equipped in 1930, and 
an additional boiler was equipped in 1931. Engle covered the 
subject comprehensively, so only three points of universal interest 
will be considered here: efficiency, capital costs, and operating 
costs. 

1 Efficiencies (on weight basis) of the installation were re- 
ported by Engle, and substantially confirmed by one of the 
authors. Little has been done since 1932, to improve efficiencies; 
in fact,-owing to lack of fundamental knowledge, many things 
have been done tending in the opposite direction. In any event, 
by the use of more nozzles, better suited to the requirements, high 
efficiencies for these scrubbers can be maintained and yet keep 
within present costs of power for draft losses and for pumping. 

Two scrubbers per boiler were installed in 1930, each rated at 
72,500 cfm at 515 F. At the time of the Engle tests, these units 
had about 90 centrifugal-type nozzles of 0.1875 in. orifice, operat- 
ing at about 55 psi, and showed full-load efficiencies of 80 to 82 
per cent. Disregarding requirements for saturation of the gases, 
180 efficient nozzles of 0.063-in. orifice, at the same pressure, 
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would pass about 25 per cent of the amount of water, but the 
efficiency would rise to about 88 per cent. If 270 similar nozzles 
were used, with 37.5 per cent of the water, the efficiency would be 
about 93 per cent. 

An improved type of nozzle will be ready for service in the near 
future, which will yield the same quantity of fine atomization with 
few of the coarse ineffective droplets, so that about 50 per cent 
of the gallonage of water need be pumped. Of course, to scrub 
with fine atomization, the gases must first be saturated but, 
assuming saturation of the gas, the following efficiencies can be 
realized commercially: 


Removal 

Nogales Gpm, efficiency, 
Sige, in. No. per cent per cent 
0.1875 90 100 80 to 82 
0 063 25 87 to 
0.0638 270 3S 2 to 038 
0.063 New type 19 93 to 95 
0.063 New type 38 96 to 98 


Power requirements for pumping would decrease proportion- 
ately. While the foregoing figures may seem to be overopti- 
mistic, similar methods in design indicated 98 per cent efficiencies 
on the scrubbing of blast-furnace gas, with realization of better 
than 99 per cent, as will be shown. 

If entrainment in the scrubbed gases be eliminated by the 
addition of disks and swinging inlet dampers, less hot air need 
be added before the induced-draft fans, and a small increase in 
efficiency of the station can be realized. The swinging inlet 
dampers should be adjusted to maintain substantially constant 
inlet velocities at all gas loads and temperatures; draft loss 
will be the same at all loads, involving slight increases in fan power 
only at the lower loads. 

2 Regarding the item of first cost, several years ago, when 
& prominent manufacturer was licensed to make and sell the 
scrubber, complete installations were quoted at prices which 
worked out at 25 cents to 35 cents per rated cfm (hot) for boilers 
of 100,000 lb per hr and larger. Corrosion was to be met by 
use of nonmetallic materials in contact with the gases and 
solutions, 

If, however corrosion can be eliminated so that plain, unpro- 
tected steel can be used, the cost of the scrubber, pump, piping, 
and nozzles can be cut at least 50 per cent. Apparently, the best 
chemical method is the use of an alkaline washing solution; how- 
ever, the scrubber is such an excellent gas-liquid contactor that 
the alkaline solution will soon become acid, unless continuously 
replenished or regenerated to maintain the alkalinity. In Eng- 
land, lime or chalk slurries are continuously replenished, with a 
minimum of corrosion, but a considerable mass of fly ash and 
gypsum must be disposed of at considerable expense. H. F. 
Johnstone at the University of Illinois has studied extensively 
the regeneration of alkaline solutions and very recently he has re- 
ported important conclusions (4). Although he reports the ab- 
sence of corrosion in his pilot plant, nevertheless he recommends 
some protection of steel surfaces, but not to the extent described 
by Engle. Acidproof units installed now for solids removal will, 
of course, be able to absorb SO, simultaneously, if and when the 
public convenience and necessity require. 

3 Maintenance of the scrubber proper has been low, but in 
the case of the protective coatings of the induced-draft fan and 
uptakes, it has been high because no entirely satisfactory coating 
has yet been developed. On the other hand, erosion of induced- 
draft-fan rotors has been negligible; life expectancies of rotors 
under normal acid conditions are now certainly 10 years, and 
possibly equal to those of forced-draft-fan rotors. Future costs 
should be lower, because of advances in the art of synthetic resin- 
ous coatings, which are now available having substantially zero 
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moisture absorption; these are needed for the interiors of the 
induced-draft-fan casings, the uptakes and breechings. Hereto- 
fore, all the coatings tried have absorbed moisture and transmitted 
it to the metal beneath, with resultant corrosion, so that the 
coatings have required annual replacement. Such coatings 
probably will not be needed when alkaline scrubbing solutions 
are used; the indications are that plain steel can then be used 
without protection, or with a coating which normally should last 
for several years. 

Entrainment at low gas loadings has increased the corrosion 
troubles in the past. Entrainment is unnecessary, and can be 
completely eliminated, as previously pointed out. 


GASES 

Disposal of Fly Ash. Building blocks utilizing considerable fly 
ash are reported from Detroit (5). The cement industry reports 
beneficial results from the admixture of certain percentages of 
fly ash (6). The mixed-fertilizer industry uses it as a diluent 
in some cases (5). Its disposal after removal from the flue gas 
is still a problem, although the firing of pulverized coal in wet- 
bottom furnaces apparently retains more of the ash, and pro- 
portionately less goes up the stacks. 

Mist Plume. Since the gases at the top of the stack contain 
considerable water vapor, during cold weather this becomes 
visible as a white plume or cloud, having a good deal of the ap- 
pearance of steam although not quite as dense. The action of this 
plume has been studied under all weather conditions, and in 
general it behaves as would any other body of heated gas. It 
rises when all stack gases rise, and it strings out horizontally or 
even downward when wind conditions compel. In cool weather, 
as the gas emerges from a large stack, only the water vapor in the 
outer shell of gas, in immediate contact with the cool atmosphere, 
condenses, but turbulence and diffusion soon cause further con- 
densation in the interior of the plume. A little later, evaporation 
of the fog droplets on a large scale sets in, and soon the white 
plume is gone. On days of high humidity, as would be expected, 
the plume is more persistent, and it has been observed stringing 
out as far as '/, mile. 

Acid Rain. Fears have been expressed that an acid rain would 
fall on those beneath. We have been at some pains to find 
evidences of acid attack chargeable to the scrubber, but have 
found none. Qualified chemical engineers, who have studied this 
question of acid effects from the effluent scrubbed gases, have con- 
cluded that the over-all results are beneficial as to SOs3, which 
is largely scrubbed out by the wash water and ultimately run to 
waste, and with but slight effect as to SO., some of which prob- 
ably is absorbed by the fog droplets as formed at the top of the 
stack, but is soon liberated when the fog evaporates. 


DioxipE RECOVERY 


Some of the benefits of SO; recovery as a by-product have al- 
ready been suggested. When flue gases are thoroughly scrubbed, 
the SO, present is a problem from either the standpoint of cor- 
rosion or of disposal of the recoverable by-product. However, 
if the gases are dry-cleaned, there is no problem at least to the 
boiler-plant operator, since the SO, is turned loose to the prevail- 
ing winds. Papers have been published to prove that SO, harms 
neither plants nor human beings, but nothing has yet appeared 
showing beneficial effects on life, or on steel, concrete, paint, ete. 
In short, SO, is on the defensive, and is generally considered as 
a nuisance which must be tolerated for the present, at least, in 
this country. 

The ideal solution of the combustion problem would be to at- 
tain stack discharges containing neither solids nor acid gases, 
but consisting only of nitrogen and oxygen, with CO, and water 
Probably this ideal is not possible of achievement, but 
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90 to 95 per cent elimination is not only possible, but may be 
accomplished at no great increase in over-all cost, if and when due 
credit is allowed for the advantages, which include: 


(a) Credit for sale of SO. 

(b) Virtually complete elimination of need for maintenance 
of protection against corrosion. 

(c) Minimum boiler outage chargeable to maintenance of 
scrubbers. 

(d) Smaller induced-draft fans and less power to drive them, 
because gases are handled at lower temperatures. 

(e) No erosion of induced-draft-fan wheels. 

(f) Improved public relations, if the public is advised of the 
new methods being installed. 


There are of course disadvantages: 


(a) The price for SO, is not fixed and definite, and it will 
fluctuate with supply and demand, but it probably will not de- 
part far from the price of the contained sulphur. The quantities 
available may be enormous, relative to present supplies. New 
outlets must be developed, and fortunately at least one is in 
sight, i.e., the new plastics containing nearly 50 per cent sulphur 
dioxide (4). 

(b) Power-plant operators must know more chemistry. 

(c) Duplication where solids eliminators are already in- 
stalled. 

(d) Fixed charges on increased plant. 


If public interest is justified in requiring substantial elimination 
of cinders and fly ash from power-plant stacks, there is even more 
justification for requiring the elimination of SOQ,, because prob- 
ably the complete job can be done ultimately at small increase 
in annual cost of effective solids removal. If, however, SO: re- 
covery is expected to show a profit after meeting annual costs 
not only on its own operations but also on those for solids removal 
as well, then the outlook for general acceptance is not favorable. 


Tar-FoG ScruBBING 


Fig. 5 shows a commercial cyclonic scrubber 8 ft diam X 20 ft 
high operating to remove tar fog from 28,000 cfm of the vent 
gases from ovens in which a pitch binder is decomposed. The 
resulting tar forms a viscous mass which adheres to the surfaces 
of ducts and fans, and which had caused serious trouble by clog- 
ging all other types of cleaning equipment, both wet and dry. 
This scrubber has been functioning satisfactorily for more than 
a year. Tar-fog droplets, as collected on a glass slide, are all 
below 10 mu and 89 per cent below 2mu. Tests on this scrubber 
confirm the design theory as to effect of increasing water pressure. 
At 40 psi water pressure, the efficiency was 65 per cent and this 
was increased to 80 per cent by raising the pressure to 110 psi. 
This performance is entirely satisfactory to the users in that 
maintenance on the fan has been practically eliminated whereas, 
previously, the fan could not be kept in balance for more than 
a few days at a time. The water from this installation is not re- 
circulated but is run to waste. 

An important but secondary function of this scrubber is its 
action as a flame stop. The gases laden with tar fog are normally 
at moderately high temperatures, but occasionally fire breaks out 
in the tar deposited in the ducts, with possible damage to the 
induced-draft fan. The scrubber functioned as expected through 
one such fire, although all paint was blistered from the inlet duct. 

The scrubber shell of this installation is of unprotected steel 
and its life has been rather short; it has been patched up and is 
still in operation but is scheduled to be replaced in the near 
future. Lava nozzles of smaller size are now being used but re- 
ports on efficiency with these nozzles have not been received. 

Fig. 6 shows a pilot-plant scrubber installed to treat a tar fog 
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Fic. 5 ScruspBper Hanpiine 28,000 Crm or Gas ContTAINING 
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from a sintering operation, the individual tar droplets rang- 
ing from 2 mu down to below 0.25 mu, the limit of resolvability 
by an ordinary microscope. From theoretical considerations, there 
is strong evidence that size of these tar droplets goes down to 
0.1 mu and below. Efficiencies reported by this unit are lower 
than anticipated, chiefly because of the small size of the individual 
tar droplets. The most intensive scrubbing which has been pro- 
vided, namely, 12 to 15 gal per 1000 cu ft through 335 nozzles 
(Fig. 7) of 0.037 in. diam at pressures as high as 320 psi made 
little effect on the appearance of the effluent cloud of tar fog, 
even though 50 to 75 per cent by weight of the material had 
been removed. Calculations in the light of the collision theory 
indicate that the individual tar droplets are present in over- 
whelming numbers. Of the 15 trillion tar-fog droplets in each 
cubie foot of dirty gas, about 3000 droplets were removed by 
each of the three billion water droplets formed by the nozzles 
per cubic foot of the gas. Doubling of this already intensive 
scrubbing should raise the efficiency to 85 or 90 per cent, which 
might-begin to be perceptible to the naked eye. 


Biast-FURNACE Gas 


The conditioning of blast-furnace gas has been considered one 
of the most difficult of gas-cleaning operations. Outlining the 
problem, approximately 25 per cent of the heat value of the coke 
charged into the top of a blast furnace comes out with the gases 
from the top as CO, in about 25 per cent concentration, or 90 to 
105 Btu. per cu ft. The heat quantities are enormous, and the gas 
is used in stoves for preheating the blast air, in large gas engines 
for blowing and power generation, for miscellaneous heating pur- 


Fig. 6 Grenerat View or Tar-FoG ScruspBer With PRessuRE- 
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poses; any residuum is burned under boilers for steam production. 
The requirements for cleanliness vary widely. Frequently raw 
gas is burned under boilers; however, Harmon (7) has recently 
pointed out the savings to be made by cleaning to 0.05 grain per 
cu ft. Gas for stoves should be cleaned to 0.02 grain per cu ft, 
and for engines to 0.015 grain per cu ft and better (8). De- 
humidification also is necessary to obtain higher combustion 
temperatures and to minimize condensation and freezing in the 
gus mains in the winter. 

To provide this cleaning and cooling, most blast furnaces are 
now equipped with three mechanisms handling the dirty gas in 
series, as follows: 


| Dry dust catchers, i.e., large dry cyclones, removing the 
brickbats and coarse dust. 

2 Primary washers, of which there are numerous types, most 
of them operating to clean the gas down to 0.25 grain per cu ft. 
Large quantities of water are used in order to cool and de- 
humidify the gas while cleaning, 20 to 30 gal or more per 1000 
cu ft of gas, to absorb the heat content of the dirty gas. 

3 Secondary cleaners, which include rotary disintegrators 
and electrostatic precipitators. Preliminary data indicate that 
the cyclonic scrubber will perform simultaneously the duties of 
mechanisms Nos, 2 and 3 in one unit, with low power costs both 
for draft loss and for pumping, as well as much lower capital 
costs. 

The operator of a number of blast furnaces, learning of the per- 
formance of this type scrubber for fly-ash removal from boiler 
flue gases with small quantities of water, recognized its possibili- 
ties for his purposes where much larger water quantities were 
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Fig. 7 Crose-Up or Spray MANIFOLD SHOWING SOME OF THE 335 
Nozz_es 0.037 In. 


required. A full-scale preliminary tryout was arranged, involv- 
ing the conversion of an existing primary washer (one of three in 
parallel) to the cyclonic type by changing the gas inlet from radial 
to tangential, and by installing an axial spray manifold of more 
than 500 brass nozzles. The gas piping, designed to handle one 
third of the gas from the furnace, was not changed as it was 
expected that this piping could handle all the gas during the short 
periods of test. Unfortunately, the draft loss through the over- 
loaded gas piping was so high that it was not possible to obtain 
the complete test data originally planned for. Two test points 


were obtained and these showed efficiencies (weight basis) of 99.5 
per cent. During normal operation, when dirty gas loadings run 2.5 
to 3 grains per cu ft, the clean gas contained 0.012 grain per cu ft. 
During a period of severe slipping in the furnace, when dust load- 
ings run 15 to 25 grains per cu ft, the clean-gas test showed 
0.068 grain per cu ft. In addition, the operators considered the 
gas to be exceedingly dry, and were pleased with the degree of 
cooling obtained, in spite of the fact that only 17 gal of water per 
1000 cu ft were used. The pressure for production of pig iron has 
rendered impossible the making of desired changes in the gas 
piping. This development has also been delayed with the 
problem of nozzle materials capable of withstanding erosion from 
the gritty water; the new nozzle referred to previously is on test, 
and gives promise of being satisfactory. 


CHEMICAL APPLICATIONS 


For solids, recovery primarily the scrubber has interesting 
possibilities in connection with the recovery of soda fume, along 
with considerable quantities of SO. and SO;, from the discharge 
of the furnaces in which is burned the black liquor from paper 
mills cooking kraft, or sulphate pulp. The soda represents a 
recoverable value of considerable proportions. The particles, 
however, are very fine and not readily recovered. Pilot-plant 
tests indicate that the fume is almost entirely below 2 mu with 
a majority of the material in the neighborhood of 0.2 mu. These 
tests also indicate that the material can be caught in a carefully 
designed scrubber. The solution should be recirculated to pro- 
vide a high concentration of soda in the effiuent liquor, so that it 
can be economically treated for the recovery of the soda. The 


TABLE 3 CHARACTERISTICS OF FINE DUSTS 
(Dusts assumed to be spheres of density = 2) 


Diameter, Settling rate, No. particles per 

mu fpm grain (millions) 
20 4.8 15.6 
10 1.2 125 

5 0.30 1, 

2 0.048 15,600 

1 0.012 125,000 
0.5 0.003 1,000, 

0.2 .0004 15,600, 

0.1 0.00007 125,000,000 


TABLE 4 EFFECT OF OF SPRAY ON DUST 
REMOVAL 


Number of times 
gas volume is 


Efficiency of dust 
swept by spray 


removal per cent 


to 


77.7 
86.5 
95.0 
98.2 
99.3 
99.7 
99.9 
99.9 


TABLE 5 GAS-SCRUBBER TESTS 


Rated 

Capac- 

Spray 

c.f.m. 

Sat- Condition Err. per Nozzle Orifice Press. Recir- Corrosive 

urated Ges and Dust 3 Mef. _No. Die. _pei. culate Conditions 
200 Chemical fume 17.0 0.5-3.5 1.0 6.0 9. 94 10 2 037 60-360 Yes Alka line 
‘Tar fog 2.23. 0.1-2.0 * ° 91 10-30 * 5-360 Wo S02, HF 
750 Laboratory unit Miscellaneous 1.5 5.0 1.5-2.3 < 3-12 max. 36 .046 40-600 No - 

2,000 Soap dust Var. large 5.0 6.0 1.0 99+ 1-5 rotary - Yes No 

2,000 Chemical fume 2.25 0.2-2.0 3.0 30.0 4.0 65 6 48 +046 400 No S02, ete. 

5,000 Tar fog 2.03.0 0.1-2.0 4.0 12.0 5,0-12.0 50-75 5-15 335 +037 100-320 Yes/No SO, EF Lead lined * Monel/Brass Days 


15,000 dust Var. large 7.0 12.0 2.5 9% 0,25-1.5 
-018-.027 0.1-2.0 6.0 20.0 3.0 65-80 2.8-4.6 164 


25,000 Tar fog 
45,000 Boiler fly ash +25-2.5 2.0-5.0 10.5 20,0 0.8-1.5 62-95 2-3 


(one unit) 
$0,000 Blast furmoe 2.50 - 12.0 60.0 9.0 9% 17 


rotery - Yes No Steel ® Brass Indef. 
096 45-118 No 80p, em. 6 mo. 

60 = «188 50-85 ete. Acid brick 10 yrs. Lava yrs. 
S34 75-80 No No Steol Indef. Lave _—Indef. 
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Fig.8 VARIATION OF CYCLONIC-SPRAY-SCRUBBER PRINCIPLE, GIVING 
CoUNTERCURRENT Contact BETWEEN GAS AND LIQUID 


solution is strongly acid due to SO2 and SO; in the gases, and the 
scrubber materials should be similar to those used in flue-gas 
scrubbing. Such an application offers an attractive economic 


picture as well as reduction of atmospheric pollution, both by > 


solids and by “‘paper-mill odor.” 


The cross-current scrubber is able to provide such intimate , 


gas-liquid contact that it is being considered for many chemical 


applications, among them gas absorption, removal of dilute acid > 


gases from industrial process gases, elimination of odor nui- 
sances from sewage and garbage-treatment plants, recovery of 
solvents, recovery of natural gasoline, vacuum fractionation of 
lubricating oils and of synthetic liquids of high molecular weights. 
It may be used as an evaporator or concentrator, as with a spray 
drier, Fig. 4. 


Data on the efficiency of this scrubber for the absorption of 


soluble gases, i.e., SO. from flue gases, obtained in a large-scale 


installation, have been reported by Johnstone and Kleinschmidt 


(9). In this case 96 to 99 per cent of the SQ, in the gases was 
absorbed in the scrubber under conditions which gave approxi- 
mately 85 to 90 per cent dust removal. Thus the absorption 
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efficiency is much higher than the efficiency of dust removal. 
This accords with theoretical predictions, since diffusion of the gas 
molecules increases the effective range of action of liquid particles. 


COUNTERCURRENT ARRANGEMENT 


Fig. 8 shows an important variation of the cyclonic-spray- 
scrubber principle, which yields true countercurrent contact 
between gas and liquid, with several obvious advantages. The 
scrubber shell is disk-shaped, large in diameter in relation to 
its height. The gas enters the full height of the periphery by 
means of a narrow slot, and pursues an inward spiral path, leav- 
ing axially at the center. The spray droplets are introduced 
substantially along the axis, and are taken up by the spinning gas 
body and pursue spiral paths across to the periphery. This 
arrangement has been tried out in a laboratory size 12 in. diam 
X 3 in. high, which passed 60 to 95 cfm and yielded contact 
equivalent to from 2 to 4 effective plates. This type of unit 
would be effective in absorption of ammonia in water, of H,S in 
weak alkaline solution from which it is to be recovered by 
heating, of benzol vapors in wash oil, and numerous similar ap- 
plications. 

It is expected that, as more experience is gained, it will be 
possible for many applications to exceed with these units the 
performance of bubble-cap columns and packed towers with much 
lower space, weight, and costs. 


CONCLUSIONS 


The cyclonic-spray scrubber described has several advantages 
of importance; it is simple and versatile, has low draft loss, and 
has nothing to clog except spray nozzles. Efficiency is readily 
adjustable by change of pressure on the atomizing nozzles, and 
it can be very high for solids down to about 0.5 mu in size. 
Entrainment can be reduced to substantially zero, of importance 
in many chemical processes. This scrubber is especially effec- 
tive for the economical cleaning of large volumes of gases, such 
as blast-furnace and boiler-flue gases. It can act as an absorber 
or gas-liquid contactor with simultaneous removal of dusts, as 
for instance SO, and fly ash from boiler flue gases. 
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Discussion 


H. F. Jonnsrone.’ The authors’ reference to the stack-gas in- 
vestigation being conducted at the University of Illinois warrants 
discussion of two points mentioned in the paper (a) the economics 
of sulphur-dioxide removal and, (b) the application of cyclone- 
spray scrubbers as gas absorbers. 

On several occasions, the writer has published statements re- 
garding the cost of removing sulphur dioxide from dilute waste 
gases. The most recent of these was the result of a detailed 
study of what appears, at least from the chemical and mechanical 
standpoint, to be the best method of accomplishing this purpose.*® 
Viewed from any position, it is recognized that the application of 
any process of sulphur-dioxide removal to large quantities of stack 
gases requires a large and costly installation. The item of 
greatest uncertainty and perhaps of greatest cost is the disposal 
of the recovered material, whether it be as a waste product or as 
a chemical raw material to which some value can be attached. 
In any case, much more information is required before it can be 
stated that simultaneous dust removal and sulphur-dioxide re- 
covery is feasible and that definite savings can be made in the 
cost of the scrubber installation by removing the corrosive condi- 
tions encountered in the circulation of the acid solution. 

The paper refers also to the tests made by Dr. Kleinschmidt and 
the writer on the absorption efficiency of a large dust-recovery 
unit in which an alkaline solution was circulated for the purpose 
of the tests. The high efficiency obtained in this case, compared 
with the known low absorption efficiencies of simple spray scrub- 
bers, can be explained easily on theoretical grounds. For certain 
purposes, therefore, especially when saturation of the solvent is 
not desired, the wet cyclone would seem to fulfill the needs of 
many chemical-engineering absorption problems. Here again, 
it is unfortunte that more information is not available from other 
installations. It is particularly desirable to know the effect of 
the dimensions of the scrubber, of the location and size of the en- 
trance duct, and of the number and type of nozzles on the ab- 
sorption efficiency. Knowledge of the nature of the flow in the 
vortex and especially the tendency for the droplets to coalesce 
would be valuable. While the authors did not mention the lat- 
ter point, it is obvious that it must be of great importance in dust 
removal also. Simple calculations will show that, unless the 
spray from the nozzles is quite uniform, the probability of coales- 


* Professor of Chemical Engineering, University of Illinois, Urbana, 
Ill. 

***Recovery of Sulfur Dioxide From Waste Gases,” by H. F. 
Johnstone and A. D. Singh, University of Illinois, Engineering Ex- 
periment Station, Bulletin No. 324, 1940. Abstract, Industrial and 
Engineering Chemistry, vol. 32, 1940, pp. 1037-1049. 


cence of the small drops with larger drops is extremely great at 
radii above 3 or 4 ft. Consequently, the statement in regard to 
the relative water requirements of scrubbers of different sizes 
appears to be subject to some limitation. 


AutTuHors’ CLOSURE 


Professor Johnstone has brought out several points which are 
of interest in connection with gas scrubbing but which the authors 
felt unable to treat adequately in the allotted time. As to the 
commercial recovery of sulphur dioxide, it seems that Dr. 
Johnstone’s position is one which arises from his academic point 
of view. It is unquestionably true that we do not at the present 
time know all that we would like to know about the economic and 
industrial problems confronting the recovery of sulphur dioxide. 
At the same time it is also probable that such complete knowledge 
never can be and never has been acquired with respect to any 
commercial process. It is felt that Dr. Johnstone’s publications 
on the subject indicate an adequate basis for a careful com- 
mercial study of a large installation which, like all first installa- 
tions of radically new processes, must be regarded as experimental. 
The cost figures, which in Dr. Johnstone’s opinion do not appear 
too favorable, include such unknown factors as the percentage of 
solution lost in carry-over in the gases and other similar losses 
from the cycle. Such items can only be definitely determined in 
large-scale operation, and if they become important, as they ap- 
pear in Dr. Johnstone’s figures, they can usually be reduced by 
proper design or operating procedure. From the authors’ own 
experience, it is concluded that the loss of alkaline solution in the 
scrubbing step would be practically negligible. 

As to the factors affecting the efficiency of absorption, their 
experience has been that it is a very simple matter to obtain 
such high percentages of absorption with the present type of 
scrubber that it is not necessary to go to any elaborate determina- 
tion of the minimum required equipment except in special cases 
which might arise. Coalescenece of the small drops into larger 
drops undoubtedly occurs to a certain extent since a spray 
which scrubs out small dust particles should also scrub out water 
droplets. Practically, coalescence appears to have little effect 
on the performance of scrubbers as is indicated by the fact that 
the actual performance follows rather closely the computed 
efficiencies. 

In view of the many uncertainties involved in applying both 
the theory and the experimental results previously obtained on 
other installations to new and different problems, it is believed 
that further development of the scrubber will be along the lines 
of engineering development and experience in numerous applica- 
tions, rather than in any extensive laboratory study of the well- 
known factors involved. 
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Relationship of Viscosity to Rate of Shear 


By L. J. BRADFORD! anv F. J. VILLFORTH, JR.,2 STATE COLLEGE, PA. 


This paper reports tests designed to check the validity of 
the assumption that lubricating oils belong to the class of 
a Newtonian fluid, which is defined as one in which the 
force required to shear it is directly proportional to the rate 
of shear. It is on this assumption, which in recent years 
has been questioned, that equations for the behavior of 
bearings have been based. Experimental evidence is 
produced in support of Petroff’s equation which states 
that the torque required to rotate a journal, concentric 
with its bearing, is directly proportional to the product 
of the absolute viscosity and the rate of shear of the fluid 
separating the journal and the bearing. The agreement of 
the results with those predicted by the Petroff equation 
upon the assumption of the independence of viscosity 
from the rate of shear holds for all of the oils investigated. 


NEWTONIAN fluid is defined as one in which the force re- 
A quired to shear it is directly proportional to the rate of 

shear. Lubricating oils are generally supposed to belong 
to this class of fluid, and the equations applying to the behavior of 
bearings are based on this assumption. 

Within the last few years the validity of this assumption has 
been questioned, and certain experimental evidence has been 
produced to show that the resistance to shear varies with the rate 
of shear. In other words, the viscosity of an oil is a function of 
the rate of shear as well as of temperature and pressure. The 
claim has been advanced that shearing of the laminas, which 
may be considered as forming the film separating two moving 
plates, causes the molecules making up the film to orient them- 
selves. This orientation is said to cause a reduction in the re- 
sistance to motion of each lamina with respect to its neighbor. 
This is another way of saying that molecular orientation caused 
by flow results in a decrease in the viscosity of the fluid. The 
claim is also made that the higher the rate of shear, the greater 
the resulting orientation and, consequently, the greater the de- 
crease in the viscosity of the fluid sheared. 

Since the entire treatment of bearings operating in the fluid- 
film region has been built up on the supposed independence of 
viscosity from the rate of shear, a modification of the hydrody- 
namic theory of lubrication would be necessary if such inde- 
pendence really does not exist. 


Apparatus 


Two pieces of apparatus were used in this work. The first 
consisted of a steel ring suspended within a rotating steel bowl by 
means of a flexible steel rod. A fixed clearance was maintained 
between the ring and the bowl. Oil was introduced into the 
bowl and thrown by centrifugal force into the clearance space 
through which it passed. The assembly of this piece of appara- 
tus is shown in Fig. 1. Details of the bowl and ring together 
with the more important dimensions are shown in Figs. 2 and 3. 
It will be seen that the mean diameter of the bowl was 5.2495 in 
and that of the ring was 5.2429 in., giving a diametral clearance of 
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0.0066 in. when the ring and the bowl were at the same tempera- 
ture. This clearance changed if the ring and bowl had different 
temperatures. It was also affected by the expansion of the bowl 
due to centrifugal force, and corrections for these changes had to 
be made to suit the conditions obtaining at the time of the ob- 
servations. 

The bowl was a loose fit on the driving spindle, which per- 
mitted it to center itself at running speeds. 

The rod suspending the ring was 0.125 in. in diam and 19.5 in. 
long. It possessed but slight lateral stiffness and was therefore 
able to center itself with respect to the bowl when the latter was 
running. The attachment at the upper end was constructed so 
as to permit the ring to be approximately centered in the bowl 
while the latter was at rest. Thus, only a small amount of 
bending of the suspension rod was required to obtain the neces- 
sary degree of centering. 

The temperature of the ring was determined by means of 
thermocouples placed in its wall, as shown in Fig. 2. 

The temperature of the bowl was more difficult to determine, 
and two methods were tried. In the first, a hole was drilled 
in the edge of the bowl, as shown at A in Fig. 3. This hole was 
filled with oil and plugged. The apparatus was operated at a 
desired speed until conditions became constant and then stopped. 
The plug was removed and a thermocouple junction was placed 
in the oil. Several readings were taken, and the times at which 
the observations were made were noted. A plot was then made 
of temperature against time, with the time the bowl stopped 
taken as zero. The temperature of the bowl at the instant it 
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5.2495" AVE. DIA, 
THERMOCOUPLES 
1 | 
iA a 4 
52429 AVE. DIA. 
Fie. 2 or Fic. Dertarts or Bow. 
Radial Axial positions——— Radial ——— Axial positions———\ 
position 1 2 position 1 2 
1 5.2430 5.2429 1 5.2494 5.2497 
2 5.2429 5.2429 2 5.2494 5.2494 
3 5.2429 5.2429 3 5.2495 5.2494 
4 5.2428 5.2429 4 5.2494 5.2497 
stopped was determined by extrapolating the curve to zero time. 
This method was not found to be practicable because only 10 a io 
or 12 sec were required for the bowl to reach the temperature —_ c o) 
of the ring. This was usually too short a time to permit obtaining B me 2 
a sufficient number of readings to determine accurately the form 7 a | | Ww 
of the time-temperature curve. y NV | \ 
In the second method, a thermocouple junction was pressed \ ZA | QQ 
lightly against the bowl and the indicated temperature observed. 
Since the rubbing of the junction against the bowl produced SV | 17 Sal} 
RING MOVING BOWL AZ —— 
N 
N | 
BEAD N 
N 
SPRING THERMOCOUPLE N O Ore 
Fig. 4 Detait or THERMOCOUPLE ON 
| | | | | Fie.6 A T Piva V 
© 1G. RRANGEMENT OF TAPERED-PLUG V:8COSIMETER 
| | W4 A—Drive from drill press G—Stationary grip 
e T T B—Oldham coupling H—Torsion rod 
| | | C—Rotating plug I—Upper steady bearing 
| | = E—Oil cup K—Drill-press table 
F—Adjusting screw L—Pointer indicating angle of twist 
BOWL SPEED RPM friction which resulted in temperature, precautions had to be 
Fic. 5 Typrcay Friction Cauipration Curve ror Tuermo- taken to keep this low and uniform, and also to determine its 


COUPLES amount. The thermocouples were mounted as shown in Fig. 4, ; 
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and were pressed against the bowl by means of a light flat spring. 
They were so arranged as to be out of contact with the bowl ex- 
cept when readings were desired. This was done to prevent 
wear on both bowl and junction. Just enough pressure was 
used to keep the junction in contact with the bow] at all times. 

In order to determine the amount of temperature rise due to 
friction the bowl was brought to room temperature. A run was 
made with the ring removed and the temperature indication at 
various speeds noted. A plot was then made of temperature 
against speed. Fig. 5 is typical of these plots. One of these 
calibration runs was made before each test run to determine 
the torque-speed relationship. The temperature rise due to 
friction, taken from this curve, was then subtracted from the 
temperature indicated by the thermocouple during the torque- 
speed run The difference was taken to be the temperature 
of the outer surface of the bowl. 

A rough check was made to determine the drop in temperature 
between the inner and outer surfaces of the bowl. As this indi- 
cated a drop of only about 1 deg, no attempt was made to correct 
for it. 

Preliminary runs showed that severe lateral vibration of the 
rod suspending the ring occurred at each of several critical 
speeds. It was overcome by enclosing the rod in a pad of 
sponge rubber which damped out the vibrations but was suf- 
ficiently yielding to permit the ring to center itself without bend- 
ing the rod unduly. This damping pad is shown at A in Fig. 1. 

The second piece of apparatus consisted of the well-known 
tapered-plug viscosimeter, built from descriptions given by 
Albert Kingsbury.* Only slight departures were made from 
his specifications. The most important were (1) the introduction 
of an Oldham coupling in the drive in order to permit the plug to 
center itself with respect to the bearing, and (2) the introduction 
of a certain amount of freedom in the mounting of the bearing 
within the oil-container cup, in order to make possible the center- 
ing of the bearing over the suspension rod. Fig. 6 shows the 


3“Heat Effects in Lubricating Film,’’ by Albert Kingsbury, 
Vechanical Engineering, vol. 55, Nov., 1933, pp. 685-688. 
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Fig. 7 Detaits or PLuG anp BEARING 


arrangement. The dimensions of the plug and bearing are 
shown in Fig. 7. 

Two thermocouple wells were drilled into the bearing, as 
shown, as close to the bearing surface as possible. The thickness 
of metal separating the bearing surface from the thermocouple 
well was about 1/3. in. Two wells were similarly placed in the 
plug. These also are shown in Fig. 7. 


Test PRocEDURE 


When using the rotating-bowl apparatus, the ring was first 
centered within the bow! while the latter was at rest. Oil, heated 
to about 180 F, was then supplied to the bowl by a gravity feed, 
and the bowl was brought up to the desired speed. The oil 
supply was then adjusted so as to be just sufficient to make good 
the quantity thrown out through the clearance space. The speed 
was held constant until the thermocouples indicated that con- 
stant temperature conditions had been reached. This required 
about 30 min. The angle of twist of the suspension rod and the 
temperature of each thermocouple were then read. 

When using the tapered-plug viscosimeter, the oil was placed 
in the cup holding the bearing and raised to a level slightly above 
the top of the plug, care being taken to see that the clearance 
space between the plug and the bearing contained no air. The 
supporting micrometer screw at the bottom of the cup was then 
adjusted to give the clearance at which it was desired to operate. 
The plug was then rotated at constant speed until constant torque 
and temperature conditions were reached. The angle of twist 
of the suspension rod and the temperatures of the thermocouples 
in the bearing were observed, after which the plug was stopped 
and the temperatures of the thermocouples in it were noted. 

The mean temperature of the oil film was taken as the mean 
between the temperatures of the ring and the bowl in the case 
of the first apparatus and the mean between those of the bear- 
ing and plug in the case of the tapered-plug viscosimeter. 

The tapered-plug apparatus was used for rates of shear between 
1330 and 239,000 reciprocal sec. The ring-and-bowl apparatus 
was used for rates of shear between 50,000 and 320,000 reciprocal 
sec. 

Five kinds of oil were used. These are listed together with 
their viscosities in Table 1. It will be noted that this list in- 
cludes mineral oils from several geographical fields and also one 
vegetable oil, namely, olive oil. 


TABLE 1 VISCOSITIES OF OILS USED 
Absolute viscosity 


-——centipoises—— 
Oil 130 F 210 F 
20.4 7.05 


REswutts or TEsTs 


Petroff’s equation states that the torque required to rotate a 
journal which is concentric with its bearing is directly propor- 
tional to the product of the absolute viscosity and the rate of 
shear of the fluid separating the journal and bearing. The plot of 
torque against rate of shear should, therefore, be a stright line 
passing through the origin, if the viscosity is constant. Other- 
wise, it will be a curve of some sort, depending upon the manner 
in which the viscosity varies. This relationship was used as a 
convenient means of detecting any variation in viscosity which 
might be caused by variations in the rate of shear. 

The values of torque, observed on each of the machines de- 
scribed, were corrected for temperature and original viscosity 
differences to one arbitrarily chosen value. The resulting values 
were then plotted against the corresponding values of the rate of 
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shear. Any variation in viscosity, other than that due to tem- 
perature, would cause a departure of these points from the line 
representing Petroff’s equation. Fig. 10 shows the results ob- 
tained. There is no consistent deviation from the Petroff line 
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at any rate of shear throughout the range investigated. Further- 
more, there is no departure of any single observation to an extent 
greater than can be attributed to experimental errors normally 
present in work of this kind. This is true of the observations 
made with both machines, and the results obtained from each 
are in complete accord in the portion of the field covered jointly. 
The agreement of the results with those predicted by the Petroff 
equation, upon the assumption of the independence of viscosity 
from the rate of shear, holds for all of the oils investigated. 

From these results it would appear that, if there is a change in 
viscosity due to molecular orientation, it occurs in a portion of the 
field not investigated by the authors. The most likely portion 
is the region of very low rates of shear and close proximity of the 
boundary surfaces. This portion should command our next 
attention. 


Discussion 


M. D. Hersey.! Can the authors supply information as to 
the clearances used with the tapered plug, and the range of film 
viscosities or film temperatures covered in their investigation? 

A distinction may be made between Newton’s law and Pe- 
troff’s in that the former requires only proportionality, while the 
latter involves the calculation of a constant in terms of clearance 
and length. Should we consider that both laws have been veri- 
fied and, if so, within what estimated limits of accuracy? 

Kingsbury’s investigation’ indicated an approximately para- 
bolic distribution of temperature over the cross section of the 
film. The temperature drop from the middle of the film to either 
metal surface in the ring and bowl may be calculated® on the as- 
sumption of radial conduction under steady-state conditions. 
For a viscosity of 4.5 ep (Table 1 of the paper) and conductivity 
0.016 lb per see deg F at 210 F, this temperature difference ap- 
proximates 5.6 F at the maximum rate of shear, 320,000 recip- 
rocal sec. Are such effects negligible within the limits of accuracy 
of the present work? 


AutuHors’ CLOSURE 


The tests reported in the paper were undertaken to determine 
whether the viscosity of the oils investigated varied with the rate 
of shear. Petroff’s equation was made use of because it offered 
a ready means of detecting variations of viscosity with rate of 
shear. The authors accepted the statement, ‘Thus it appears 
for any given bearing, the friction torque is proportional to the 
viscosity of the lubricant and the speed,”’ which appears on page 
26 of Mr. Hersey’s book ‘‘Theory of Lubrication.”’® Their claim 
is that the results secured support the conclusion that viscosity 
does not vary within the limits of the investigation. 

It is felt that since the exact thermal conductivity of the oils 
treated was not available, calculation of the effect of temperature 
gradient across the thickness of the film would not add to the 
accuracy of the results. 


* Research Director, Morgan Construction Company, Worcester, 
Mass. Fellow A.S.M.E. 

> Theory of Lubrication,”” by M.D. Hersey John Wiley and Sons, 
Inc., New York, N. Y., 1936, pp. 1160117. 
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Effect of Temperature on Coiled Steel 


Springs Under Various Loadings 


By F. P. ZIMMERLI,' DETROIT, MICH. 


This paper consists of a presentation of the results of 
tests conducted in the laboratories of the author’s com- 
pany on the effect of various stress-temperature combina- 
tions on steel springs. These results are in the form of 
charts which, because of the immense number of tests in- 
volved, are believed to be accurate. For the carbon steels 
tested, it is shown that there is a temperature-stress equi- 
librium point about 400 F. Below this point there is a defi- 
nite temperature-stress equilibrium. Above this point it 
is simply a time-temperature curve since, eventually, the 
springs will fail. The paper draws particular attention to 
the value of various strain-relief heatings after coiling. 

Tests on springs hardened and tempered after coiling, as 
compared with those made of pretempered wire, give no 
evidence that the former method is to be preferred. This 
is contrary to the general understanding in the industry. 

The paper shows that for each type of material there is 
an optimum Rockwell hardness for best heat resistance. 
Both S.A.E. 6150 and 9260 steels have greater resistance to 
load losses due to heating than carbon steels. They in 
turn are exceeded by 18-8 stainless and high-speed steels. 
A difference in time between 10 days and 3 days to reach 
true temperature-stress equilibrium exists between the 
various steels. 


VERY mechanical device, somewhere within itself or in its 

production, calls for the use of springs. During the last 

few years, in particular with the demand for greater operat- 
ing speeds, the temperatures at which these springs function have 
continually increased. Data regarding the temperature-stress 
relationship of springs have as yet no general publication, and ap- 
preciation among engineers of the results which may be attained 
has lagged. 

To remedy the condition, the laboratories of the author's com- 
pany about 10 years ago commenced the task of testing all 
available spring materials in this respect. It soon became ap- 
parent that the amount of work involved would be immense and 
that too long a time would be required for completion of the origi- 
nal program. 

To the end of speeding up the work, the International Nickel 
Company agreed to investigate its products, such as monel, in- 
conel, Z nickel, and the like, inthis regard. Preliminary tests on 
copper alloys, such as brass and bronze, proved that these ma- 
terials were useless above 225 F and they were eliminated, leaving 
the scope of the project to cover coiled steel springs. 

Before tests could be conducted for the purpose of obtaining 
the necessary design information, it was essential to know: (a) 
How long a time was necessary for a loaded spring to be held at a 


‘Chief Engineer, Barnes-Gibson-Raymond Division, Associated 
Spring Corporation. Mem. A.S.M.E. 

Contributed by the Special Research Committee on Mechanical 
Springs, and presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of Tae American Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


temperature in order to reach equilibrium ;? (6) the effect of the 
degree of flexibility in the spring; (c) whether a spring should be 
pressed solid before or after the heating operation which removes 
coiling strains; and (d) whether or not the process of wire manu- 
facture influenced the results to any great extent, i.e., would wire, 
built to the same specification by competing manufacturers, act 
the same? 


PRELIMINARY TESTS 


For these preliminary tests springs were coiled from pretem- 
pered material, ground, and heated to 800 F. They were then 
pressed solid with a load 100 lb in excess of their carrying capac- 
ity. The length, outside diameter, load, and wire size of each 
spring were noted. The springs in sets of 10 were placed over 
bolts which pushed steel collars against them and thus compressed 
the spring to predetermined lengths, checked with micrometers. 
The springs were then exposed to the desired temperature for 
different periods of time. They were then removed and checked 
again for load carried. The load testing was carefully performed, 
the springs being checked on the scales to within 0.001 in. in 
height, using a 0.001 gage, so that no error due to scale travel was 
possible. 

Stresses were calculated before and after heating, using the 
Wahl formula 


= 


8PD ote) 


wd? 


where c = D/d 
P = load, lb 
D = mean diameter, in. 
d = wire diameter, in. 
S = stress in outer fiber, psi 


All stresses are those due to loads at room temperature and are 
not the stress on the wire at oven temperature. If it is desired, a 
correction could be made for this by obtaining the modulus at the 
various temperatures employed. This value was reported’ by 
W. P. Wood, G. D. Wilson, and the author in 1930. 

If G = modulus at room temperature, G; at oven temperature, 
S the stress at room temperature, then S;, stress under oven con- 
ditions, has the relation 


This can be proved from the formula of spring deflection 


8PD*N 
Gd* 


f= 


where N = number of coils, and the other symbols are as previ- 
ously stated. 
The springs were not corrected for bolt expansion because the 


* By “equilibrium” is meant a stable condition such that further 
exposure to a given temperature will not cause any additional loss in 
load carried by the spring. 

*“The Effect of Temperature Upon the Torsional Modulus of 
Spring Materials,’’ by W. P. Wood, G. D. Wilson, and F. P. Zimmerli, 
Proceedings of the A.S.T.M., vol. 30, 1930, part 2, pp. 351-360. 
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wire in the spring actually expanded slightly to cover this error. 

Lots of ten springs were set at a given stress and temperature 
and run for successive periods until no further loss of load was 
noted. Then another combination of temperature and stress was 
similarly tested until the entire field of possibility had been 
covered. These results indicated that the usual spring steels 
should be divided into two major groups, i.e. (1) straight carbon 
steel, low-alloy steels, and (2) high-alloy steels. 

The first group consisted of S.A.E. 1065, X1065, 1080, 1095, 
6150, and 9260. The second group was composed of 18-8 stain- 
less steel and the usual 18-4 high-speed steel. Group 1 definitely 
reached equilibrium within 72 hr at heat, regardless of stress or 
temperature, provided the latter was less than 400 F. Tests up 
to 216 hr gave the same results as 72 hr, while 60 hr were extremely 
close, losses being but small fractions of 1 per cent of the total. 
. Above 400 F, there was no time at which equilibrium was reached 
until the coils of the spring, when released, were still closed 
against each other. This is quite similar to the behavior of steel 
in tension at elevated temperatures, where it has been noted that, 
up to the equicohesive temperature, creep is observed for a defi- 
nite time. It is postulated that the metal becomes strain- 
hardened at that time and resists further deformation. 

The two samples in the second group were tested in a similar 
manner and equilibrium was reached not in 72 hr but in 10 days. 
A curve is appended which gives results of 18-8 stainless steel 
subject to 250 F at 120,000 psi for a period up to 18 days. This 
material will not reach equilibrium if the temperature greatly ex- 
ceeds 550 F, but the set is slow so that for some uses it is satisfac- 
tory at slightly higher temperatures. High-speed steel is similar, 
except that higher temperatures are possible. The later discus- 
sion of commercial production tests will amplify these statements. 

The next point to be considered was the rate of deflection of the 
spring itself. To test this, twenty springs were made from 
the same bundle of music wire with the same outside diameter, in 


PER CENT LOSS OF LOAD FOR VARIOUS ROCKWELLS 


MAY, 1941 


120;-— 


| 250 DEG F | 
0.162 MB. QUENCHED FROM 1475 DEG F 
100+-— | | + 
2 | | 
| 
= 80 + + + 
A- ROCKWELL 48-57C} 
8- » 43-46C| 
c- * 39-42¢) 
FIG. 26 
0 2 4 6 4 10 \2 4 6 8 20 
PER CENT LOSS OF LOAD 
0.148 TEMPERED HIGH MANGANESE | 
ROCKWELL 44C AS RECEIVED | 
| 
~ 80 4 
4 OVEN 250 DEG F OVEN 350 DEG F | 
60 + + 
FIG. 28 
40 | L 
0 8 10 


4 6 8 0 2 4 6 
PER CENT LOSS OF LOAD FOR BLUING TEMPERATURES INDICATED 
- ] DRAWING | ROCKWELL] OVEN 
CURVE TEMP | TEMP 


A-DRAWN TO ROCKWELL 48-5! 
« “ « 43-46C 
39-42¢ 


A 110° F 57-59 
8 1250 $2-525 600 

C 57-59 700 
250, 52-525 ; 700 


80 


OVEN 350 DEG F — 
60 
FIG. 30 
40 
2 


2 4 6 
PER CENT LOSS OF LOAD 


the manner previously outlined. Ten had 5'/, coils and ten had 


10'/, coils. When stressed at 40,000 psi, the following result was 
obtained after 72 hr: 


A further test at 100,000 psi was made with the following 
results: 


loss 9.3 per cent 
loss 10.4 per cent 


It was concluded that the degree of flexibility of the spring was 
not a factor governing loss of load due to temperature. 

Two hundred springs were divided into two lots of 100 each. 
These springs were made of oil-tempered wire. One lot was 
pressed solid before the bluing or strain-relieving draw of 750 F, 
and the other lot was pressed after the heating. The springs were 
subject to various stresses at temperatures up to 400 F. Results 
showed that springs pressed after heating were more uniform and 
slightly better. Therefore, this procedure was adopted as stand- 
ard. 

The final preliminary tests were conducted on springs made 
from wire manufactured by four different mills. Slight differ- 
ences were noted, the products of some mills showing a greater 
loss than others. However, in wires other than the hard-drawn 
quality this difference was not excessive. Hard-drawn wire 
varied greatly. Evidently, each manufacturer patents his wire 
differently (if at all). The results were so confused that it was 
decided not to run the production tests on this cheap type of 
material. 


PROCEDURE FOR PropwucTION TEsTs 
The procedure in running the remaining tests, the results of 


which are shown in the accompanying curves, was as follows: A 
sufficient number of springs of each of the materials to be tested 
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TABLE 1 CHEMICAL coma OF MATERIALS USED IN 


Material Cc Mn Ss Cr Ni 

0.148 Music wire. 0.91 0.31 0.018 0.022 
0.66 0.76 0.020 0.036 
0.52 0.75 0.007 0.020 0.87 0.18 
0.148 Swedish 

valve spring. 0.65 0.56 0.021 0.019 
0.148 KA-2. 0.24 18.2 9.21 
0.062 Music wire. 0.91 0.31 0.024 0.018 awe ror or 
0.062 M B....... 0.59 0.75 0.020 0.025 
0.062 CrV... 0.50 0.73 0.009 0 O18 0.97 0.18 mnie 
0.062 KA-2.. 0.12. O41 19.2 9 14 
0.148 High Mn- 

(tempe red). 0.70 1.34 0 022 0.024 
0.148 Cr 

(anne led) 054 Oo 69 O O11 0.026 0.89 0.17 
0.162 M I 


(anne aled) 0.62 0.73 0.055 
0.148 High Mn 
(annealed) 0.70 1 34 0 022 0.024 
0.152 High-speed 
steel... O76 (tungsten 18.03) 1.10 


TABLE 2) ROCKWELL C HARDNESS OF MATERIALS USED IN 
TESTS AFLE RHE ATING TO 

Material 400 F 500 F 600 F 700 F 800 F 
0.148 Music wire 52 51 52 48 45.5 
45 46 47.5 45 42 
47 46 46 45.5 44.5 
0.148 —— valve P spring 43 43 43 42.5 43 
0.148 KA-2.. 44.5 45.5 45 45 43.5 
0.105 Music wire 53 51 51 48 
0.062 Music wire 52 52.5 51 47.5 
0.062 M B.... . 49 50 50 47 43 
0.062 Cr V.. ‘ 49 49 49.5 49 46.5 
0.062 KA-2. rs 45 45 45 46 45.5 

As 
received 700 F 750 F 800 F 

0.148 High Mn........... 46 br 45 44 
0.148 High Mn......... 44 44 43 
0.152 High-speed steel. (See data sheet) 


were obtained, about 120,000 pieces in all being required. These 
springs were heated to the various strain-relieving temperatures, 
indicated on the charts, for 30 min at heat, in an L & N Homo 
furnace. Ten springs were used for each stress-temperature test 
and the average loss plotted on the curves. All tests, except on 
stainless steel and high-speed steel were run 72 hr at heat. These 
high-alloy steels were given 10 days to be sure an equilibrium con- 
dition was obtained. All springs were pressed solid after heating 
for stress-relief. This was done with a load 100 lb greater than 
that necessary to close the coils. It was hoped that this pro- 
cedure would aid in establishing uniformity of tests. 

The springs were tested on accurately checked scales using a 
0.001-in. gage, in order to obtain the desired load and height on 
each spring for a given stress. The springs were placed in a con- 
stant-temperature electric oven, being held on special bolts, with 
square seating collars, to the desired height and load. Upon 
removal from the oven, the springs were air-cooled and retested 
for load at room temperature to the nearest 0.001 in. and the 
results expressed as percentage loss of load corresponding to the 
given stress were plotted. 

In working with these various materials, the data given are to 
the highest possible commercial application of the product. 
Thus, some curves indicate temperatures only as high as 350 F. 
Tests at 400 F on these same steels demonstrated that the steels 
were erratic, hence, not of commercial importance. Therefore, 
no data sufficiently accurate for any design problems could be 
presented. At 450 F, these selfsame steels simply collapsed when 
given sufficient time. 

The effect of wire size in the limits tested is not great. Curves 
are presented in the interests of economy on only two sizes, i.e., 
1/ and 0.148 in. Data are not available on any size larger than 
/1¢in. In general, the tendency is toward greater load loss with 
larger sizes at the same stress. The curves are as plotted from 
points taken at a minimum of four different stress figures. To 
reduce possible error, each of these points is the average value of 
ten springs. 

Even with all these precautions it will be noted that the data 


give results which at some temperatures cause the curves of vari- 
ous bluing temperatures to cross each other. These points have 
been checked in some cases and the same result obtained. At 
present no good explanation has been developed for this experi- 
mental fact. 

The materials used in these tests are listed in Table 1 and the 
hardness figures in Table 2. 

CoNncLUSIONS 

In the author’s opinion, a study of the work done justifies the 
following conclusions: 

1 The usual spring steels are reliable when stressed 80,000 psi 
or less up to temperatures of 350 F. Between 350 F and 400 F 
and, at stresses up to 120,000 psi, the same continuity of results is 
lacking, but with proper forethought some commercial success 
might be expected. 

2 The use of ordinary spring steels over 400 F is not possible. 

3 Steels, hardened and tempered after coiling into springs, 
at the same hardness value, have no advantage over springs made 
of pretempered wire properly blued, under the conditions investi- 
gated. 

4 Stainless steel of the 18-8 type resists temperature and 
stress better than other spring steels, except perhaps high-speed 
steel. 

5 A middle hardness range in quenched-and-drawn springs is 
preferable to either high or low ranges. 

6 An optimum temperature to heat springs after coiling for 
heat resistance is the highest one which will not render the hard- 
ness or other physical properties of the material objectionable. 

7 The present Swedish valve-spring wire stands heat very 
poorly, in fact, is less satisfactory than many other steels. 

8 Both high-manganese and silicomanganese steels equal the 
chrome-vanadium steel tested and may have commercial ad- 
vantages. 
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It can be readily appreciated that this is the work of many 
when it is realized that over 250,000 separate spring weighings 
were made in addition to other testing work. 

It is to be hoped that other investigators will carry on the work 
into the field of larger wire sizes. The possibility of different 
heats and heat-treatments of high-speed steel and stainless steel 
should be completed. In particular, the investigation of the 
newer steels now in use and which we have not tested, such as the 
high-chromium series and chromium-molybdenum types, should 
be started if complete data are desirable. 


Discussion 


R. C. Zemter.‘ As a user of great quantities of springs, 
the company with which the writer is connected has experienced 
its share of problems. In some small measure the experience 
gained during the last year and a half may contribute to the gen- 
eral knowledge of the subject. 

Our larger springs are used as clutch-pressure springs. While 
they are subject to high temperatures, and design limitations 
impose high stresses, they are under only static loads. Conse- 
quently, we are not interested in fatigue life but only in springs 
which show a minimum of load loss under hard clutch-operating 
conditions. For practical and economical reasons, all of our 


4 Assistant Engineering Manager, Long Manufacturing Division, 
Borg-Warner Corporation, Detroit, Mich. 
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pressure springs are of S.A.E. 1065 oil-tempered or similar steels, 
covered by the author’s MB specification. The following discus- 
sion pertains to this class of steel. 

Our method of testing is similar to that used by the author, 
except that the springs are pressed twice to 300 lb, which is 
1'/, to 2 times the normal load of the springs, before final selection 
for load is made. This is done to offset variations in load caused 
by failure of the vendor to remove most of the set and by poor 
packing and rough handling in shipping. Thus, springs supplied 
by various vendors are all placed on an equal test basis. Any 
further set therefore is due to the heat alone. 

The data given in this discussion are for springs with stresses 
ranging from 75,000 to 106,000 psi, corrected according to Wahl 
formule and Rockwell hardness 43-46 C seale. Through a series 
of tesis it was found that, after 15 hr in the oven at 350 F, the 
springs had lost approximately 90 per cent of the total load they 
would lose if allowed to remain in the oven until the equilibrium 
point was reached. This was found to be sufficient for all practi- 
cal purposes so that 15 hr has been adopted as our standard, 
since it permits a ready overnight check. Preliminary tests 
showed that these springs are not practical above 400 F, with 
the stress above 75,000 psi. Some springs tested showed 8 to 
10 times more loss between 400 and 500 F than between 300 and 
400 F, but only 1.5 times more between 300 and 400 F than be- 
tween 200 and 300 F. 

In ordinary clutch service, these springs probably would never 
reach a temperature of 400 F but, in order to check this point, 
a number of clutches returned from actual field service were 
examined. Some of these appeared to have had normal usage, 
while others evidently had been abused. Other clutches of 
known qualities were given severe road tests. From the average 
load losses of the springs, the probable temperatures reached 
were found to be in the 200 to 300 F range. As a consequence, it 


was decided that, for an accelerated test, 350 F would be adopted 
asastandard. At this temperature, springs still react somewhat 
along theoretical lines. 

Together with numerous other tests, twenty-five different 
types of pressure springs, as received from various vendors, were 
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all given a 20-min treatment at 750 to 775 F and then pressed 
twice under 300 lb. They were then carefully selected for load, 
clamped between test plates at their respective working heights, 
and placed in the oven at 350 F for 15 hr. 

Of the twenty-five springs tested, seventeen came within the 
stress range of 75,000 to 96,000 psi. The maximum load loss on 
the springs of this group was 5'/. per cent. The other eight 
springs, ranging from 96,000 to 106,000 psi, showed a gradual 
increase to 9.5 per cent. This does not mean that all of the 
springs fell exactly on a straight line between these points but 
that an approximate average was obtained. We found several 
unexplainable discrepancies, such as the author mentioned in his 
paper. 

As the result of the foregoing tests, the design drawings for 
these springs now call for a maximum allowable load loss due to 
heat. Routine checks are made daily on six springs from each 
production shipment. These are placed in the oven the day they 
are received and allowed to remain for 15 hr overnight, thus 
making them available for production the following day if they 
are satisfactory. 

While we feel that only a beginning has been made from our 
findings up to the present time, we believe that an ordinary 
grade of oil-tempered wire, in a spring of reasonable design, given 
the proper manufacturing attention, will provide a clutch spring 
which will be satisfactory for all practical purposes. Further, we 
believe that still greater improvement can be made without the 
use of more expensive steels. 


AvuTHOR’s CLOSURE 


Mr. Zeidler’s remarks are very interesting and timely. The 
results, assuming his mean stress to be 85,000 lb per sq in. for the 
first 17 springs, check our results within 1 per cent and are lower 
due to the time interval he used. On the 8 springs whose mean 
stress is 100,000 lb per sq in., curve 13 gives a 10 per cent loss 
in load. This is within '/, per cent of Mr. Zeidler’s figures. 
We consider this an excellent check on the utility and accuracy 
of our work. We are extremely glad that Mr. Zeidler has come 
forward with this information. 
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Turbine Discharge Metering at the Safe 
Harbor Hydroelectric Development 


By J. M. MOUSSON,' BALTIMORE, MD. 


This paper discusses the suitability, calibration, and 
reliability of certain piezometer systems installed in low- 
head units of high capacity. An account is also given of a 
research to determine and develop a suitable type of flow- 
meter to be operated by the differential pressure from these 
piezometer systems for continuous integration, indica- 
tion, and graphic recording of unit and plant discharges. 
The type of equipment installed is presented in detail, as 
well as its adaptation as an automatic guide to operation, 
resulting in appreciable benefits through higher operating 
efficiencies. 


INTRODUCTION 


LTHOUGH continuous automatic accounting of unit dis- 

Pua is not new, several recent improvements and de- 

velopments have entirely changed the aspect of desirability 

for apparatus of this kind, as many of the shortcomings of earlier 

installations, limiting their usefulness, have been successfully 
overcome. 

While, in some plants, automatic water accounting has been 
carried out for years, the necessary equipment has often been 
regarded as a luxury, particularly, as its sole purpose was usually 
confined to collecting runoff data at the project site to augment 
records of existing gaging stations or, perhaps, replace those of 
stations rendered inoperative in a project area due to construc- 
tion of a particular plant. Since the accuracy of river gaging is 
essentially not very high, and decidedly lower than that required 
for turbine-discharge measurements for acceptance tests, it has 
been standard practice to keep unit- and powerhouse-draft 
records by means of computations based on power output. At 
the same time, however, it has been generally recognized that the 
installation of input-measuring apparatus would be highly de- 
sirable, if and when unit-discharge and station-totalizing equip- 
ment of sufficient accuracy and within economical reach were 
available to serve as a yardstick for plant operation, both as to 
proper and efficient loading of the units and to detect troubles 
affecting their efficiencies. 

To illustrate the difficulty of the solution to this problem, it 
may be mentioned that, while equipment of this kind was con- 
templated at Safe Harbor at the outset of construction in 1930, 
as at that time already certain provisions had to be incorporated 
in the substructure, on the generator-room floor, in the conduit 
system, and in the control room, nevertheless, the various in- 
vestigations and development work required a substantial amount 
of time and it was not until late in 1938 that suitable equipment 
was finally installed. 


1—INVESTIGATIONS PURSUED 


The various investigations carried out dealt not only with the 
exploration of the principle to be employed, but also with the 


ae Engineer, Safe Harbor Power Corporation. Mem. 
Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of Tue 
AMERICAN OF MECHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


possible consistency, sensitivity, and suitability of various ap- 
paratus. In the first place, it had to be established that the index 
method, based on differential piezometer deflection, is of sufficient 
accuracy as a basis of continuous water measurements. 


PrezOMETER INSTALLATION 


In each of the substructures of the six main units comprising 
the initial development, there were installed three piezometers of 
the Winter-Kennedy type? in the turbine scroll and two pie- 
zometers of the Peck type? on one of the stay vanes of the speed 
ring, Fig. 1. While one of the Winter-Kennedy taps was placed 
in the high-pressure low-velocity region, the two other taps were 
located radially opposite thereto at the speed ring in the low- 
pressure high-velocity region, one just above the speed ring and 
the other tapped in the crown of the speed ring. 

The Peck piezometer locations are shown in Fig. 2, the impact 
tap in the nose and the low-pressure tap in the flank of the stay 
vane. In the first four main units to be installed, the Peck im- 
pact tap was located at the nose tip. On the fifth main unit it 
was placed at a slight angle to the longitudinal axis of the stay 
vane, */, in. from the nose tip, and on the sixth unit to be installed 
at a still larger angle, that is, 45 deg and 2'/i. in. from the stay- 
vane tip. At the same time, some shift in upstream direction of 
the Peck low-pressure tap was also made on the latter two units. 

In addition, two auxiliary piezometer openings were located at 


2 “Improved Type of Flow Meter,” by I. A. Winter, Proc. American 
Society of Civil Engineers, vol. 59, part 1, 1923, pp. 565-584. 

?“Two Methods of Measuring Water to Hydraulic Turbines,’’ 
Power, vol. 77, March, 1933, pp. 126-127. 
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the downstream nose of one of the intake piers of each main unit 
for possible use should pumping with the units ever be resorted 
to for peak storage requirements during low flow. Both service 
units were provided with two piezometers of the Winter-Kennedy 
type. To prevent air pockets, all piping leading to the individual 
piezometer openings was placed with a continuous slope and cop- 
per piping was used to prevent corrosion. In the pipe tunnel 
beneath the generator-room floor, a piezometer board with verti- 


FOR NO. 2 UNIT 


Fie. 2 Location or Peck PreEzoMETERS ON Main-Unit SpEED-RING 
Stay VANES 
(Taps Y: and ¥:.) 


JULY, 1941 


cal glass tubes was installed at each unit where the deflections 
could be measured in feet of water. 

After placing each unit in service, it was essential, as a first step, 
to determine which combination of two piezometers would prove 
most consistent. This was done by plotting the differential pres- 
sure of any two taps against that of any one of the other possible 
pairs. From Fig. 3, it may be noted that the three Winter- 
Kennedy taps and the Peck impact tap showed a markedly better 
consistency than the Peck low-pressure tap Y2, the latter being 
responsible for the erratic behavior in three of the plots. On the 
other five main units, the results were similar with the exception 
that even the Peck impact tap, located closer to the nose or at 
the very nose tip of the stay vane, was considerably less steady. 
For all main units, the Winter-Kennedy taps showed a high de- 
gree of consistency. 

This result should not be interpreted as a general weakness of 
the Peck type of system. Investigating the origin of this erratic 
behavior, that is, through analysis of the results with the various 
Peck tap locations, as shown in Fig. 2, it was found that the cause 
for instability, particularly of the low-pressure tap, was rather in 
the design of the stay vanes than in the type of piezometer system. 
The Safe Harbor stay vanes are comparatively short and have a 
straight longitudinal axis. Since, on the one hand, the low- 
pressure tap was erratic in all units, irrespective of the shift 
upstream, and, on the other hand, the consistency and magnitude 
of deflection of the impact tap increased decidedly by the shift 
away from the nose tip, it could be concluded that the stay vanes 
of the speed ring were not pointed head on into the flow but at a 
considerable angle, causing a region of local disturbance on one 
side of the stay vanes, with the unstable region extending almost 
to the very tip of the vane. In the light of these results and, in 
view of the experience obtained elsewhere with piezometers of 
the Peck type, it would appear that a considerable improvement 
in stay-vane design is yet to be accomplished by lengthening, 
better streamlining, and curving these vanes. It is noteworthy 
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Calibration of No.4 Umt Winter-Kennedy 
Com bination (Ry Re) by Means of Typel and Type 
Current Meters (Tes? No Z) 
Typel Log Cy 3.7170 = S212 
Typell 36997 5008 
— Difference 204 
} Correction te Type I = 3535 
Coefficient 5212+55 S267 
Calibration of Na5 Umit winter- Piezometar 
Combination (R,-R:) by Means of Type Il and Type I 
Current Meters 


(Type Il Log’ Cm 3.6996 5006 

Test NaSmth | Type I 36958 4964 
Trosh Screens Difference 42 
inPlace | Correction toTypeM 63 

Coefficient C:5006*63 5069 
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(Type Il Logg": 3.7009 = 502! 
Test NoS mth 36973 4989 
Trash Screens Difference x 
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that, in more recent installations, some improvements in this 
direction already have been made. 

While the piezometers were used initially simply as a relative 
index to determine the proper relation between turbine-blade 
and guide-vane positions under various operating heads for the 
Kaplan main units and served as a basis for the cam designs 
controlling the gate-blade relation, these piezometers were cali- 
brated for absolute-discharge measurements in course of the ac- 
ceptance tests by means of the two-type current-meter method.‘ 
The results obtained for the piezometer pair (R,-R:) (refer to 
Fig. 1) of the Winter-Kennedy system of two main units are 
shown in Fig. 4. These curves relate piezometer deflection and 
discharge in accordance with the fundamental equation 


Q=CxpD 


where Q is the discharge measured in cubic feet per second and 
D the differential piezometer pressure in feet of water. The 
slope of the curves and their intercept at zero corresponding to 
the exponent a and coefficient C, respectively, were determined 
analytically, based on the method of least squares. 

Of the six main units, three were tested by means of current 
meters.‘ The piezometers of the other units were calibrated 
indirectly by assuming their peak efficiencies to be identical with 
those of other units of the same design and manufacture actually 
tested. This procedure was also followed for the two identical 
Francis-type service units in testing one of them by means of 
a meters and assuming the peak efficiencies of both to be 
alike. 

It is recognized that such a procedure is not absolutely correct 
because identical units have not necessarily identical peak efficien- 
cies. However, based on experience available, it is believed 
that the error thus introduced will not exceed 1 per cent for any 
one unit and that the average for the entire station should be 


‘“*Water Gaging for Low-Head Units of High Capacity,” by J. 
M. Mousson, Trans. A.S.M.E., vol. 57, 1935, pp. 303-316. 


even closer, because the actual efficiencies of these units might be 
higher or lower. The calibrations of the piezometer pair (R.- 
R:) of the Winter-Kennedy systems on the six main and the two 
service units are given in Table 1. 


TABLE 1 CALIBRATION OF PIEZOMETER PAIR (Ri-R:) OF 
WINTER-KENNEDY SYSTEMS 
Main unit Departure from Calibration 
no. Coefficient C average, per cent procedure 
2 5107 —0.80 Current meters 
3 5090 —1.13 on No. 5 unit 
4 5267 +2.30 Current meters 
5 5070 —1.52 Current meters 
6 5185 +0.72 Based on No. 4 unit 
7 5170 +0.43 Based on No. 5 unit 
Average 5148 
Service 
unit No 
41 330.8 —0.386 Based on No. 42 unit 
42 336.6 +0.86 Current meters 


Average 333 2 


Recognizing the fact that piezometers are very sensitive and 
greatly affected by local disturbances, due to irregularities of the 
water passage, as well as due to minute changes in the shape 
of the piezometer opening, the differences in the coefficients are 
relatively small. The variation in the exponent a of the equation 
(Q = C X D*) was also very small, varying between 0.500 + 
0.005, so that for all practical purposes the square root was found 
to be of sufficient accuracy. 

To guard against unexpected trouble in the future, which would 
render one or the other piezometer unreliable or useless, all taps 
were calibrated during these tests. For instance, Fig. 5 shows the 
calibration of No. 2 unit Peck impact tap Y; and Winter-Kennedy 
low-pressure tap combination (Y;-R:2). 

The calibrations of the piezometers also permitted arriving at 
some conclusion regarding the degree of consistency and relative 
precision of these systems, Table 2. The consistency or average 


5 “Piezometer Investigation,” by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, pp. 1-11. 
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Calibration of No 2 Unit Peck Impact Piezometer Y, 4 
and Winter-Kennedy Low Pressure Pierometer Rt | 
Combination (¥\-Rz) by Means of Type II and Type I 

Current Meters 


Type IL Log "Cm": 3.627 
TypeI 3624 4208 
Difference 28 
Correction to $«28* 42 
Coefficient 4236 +42 4278 
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Fie. 6 CHEcK ON CONSISTENCY OF PrezoMETERS Usinc TuURBINE-RUNNER BLADE OPENING AS A PARAMETER 


departure of one test point was determined analytically to +0.25 
per cent for the measurements with the type I current meter, 
shown in Fig. 4. The mean departure of one measurement was 
(0.34 per cent. The mean departure of all measurements was 
+0.06 per cent and the relative precision +0.04 per cent. Con- 
sidering that these values include not only the errors of the pie- 
zometer system but also those of the current-meter measurements, 
it is believed that the accuracy of the systems is fully adequate 
as a basis for continuous-flow measurements. 

As a next step it was essential to see whether or not the 
piezometers would maintain their calibrations over a period of 


years. The results for one unit and one pair of piezometers of 
the Winter-Kennedy system are shown in Fig. 6, using the 
runner-blade angle of the Kaplan units as a parameter. In this 
instance a somewhat wider dispersion of the test points as com- 
pared with that in Figs. 4 or 5, is to be expected as the measure 
of blade angle is not very accurate due to the inevitable lag in 
the blade-operating mechanism. The results indicate, however, 
that during the period of observation no change in calibration 
had taken place. Of particular interest are the test points ob- 
tained in 1934, prior to proper adjustment of the blade-gate re- 
lation which for some reason had become slightly incoordinated. 
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TABLE 2, DETERMINATION OF CONSISTENCY AND RELATIVE 


PRECISION OF PIEZOMETER CALIBRATION OF 


NO. 4 UNI 
Square 
Turbine Root 
Discharge of 
for Type I Piezometer Departures 

Test Current Meter Deflection a Per a 
Run 210 Oe. 2 Cent 4 
1 7518 1.448 5192 -D O.3% 400 
2 5946 1.140 5216 TT 0.08 16 
3 4752 5182 0.58 
4 4768 "5 -1 0.02 1 
5 3687 -708 5208 -4 0.08 16 
6 3735 718 5202 -10 0.19 100 
7 5268 +56 1.07 nsx 
a 05 5198 0.27 19 
9 3163 $202 0.19 wo 
pte) 5245 1.006 $24 -2 0.04 ~ 
u 65% 1.268 5200 -12 0.23 las 
6571 1.262 5207 -5 0.0 25 
13 8729 1.664 5246 mm 0.65 1156 
u 8697 1.666 5220 0.15 
15 1.613 $217 5 0.10 25 
16 1.612 $212 0.00 
17 7875 1.510 5215 oF 0.06 9 
18 Tabs 1.4% 5228 +16 o.n 256 
19 7426 1.427 5204 -8 0.15 6s 
a 1.278 5173 -39 0.75 1521 
a 6651 1.276 $212 0.00 
22 5987 1.153 5193 -19 0.% %1 
23 59% 1.155 519 -22 0.42 48 
5887 1.127 0.23 las 
25 5858 1.127 5198 -u 0.27 196 
26 5289 1.011 5231 “19 0.% %1 
27 1.015 $223 eu 0.2 121 
2 4726 $216 0.08 16 
29 4712 $201 0.22 la 
» 417% $237 0.48 625 
4173 $210 -2 0.04 4 
R 697 s2ll -1 0.02 1 
315 5235 *23 0.44 529 
3% on 5195 -17 0.33 289 
2657 -510 520 -2 0.04 4 
2664 -510 5224 *12 0.23 

ave ave 

5212 ©11577 


Resulte 


Consistency or average departure of one measurement = “0.25% 


Mean departure of one measurement © - 1) = t\11537/% * 
= 717.9 ©. us 


Mean departure of all measurements n(n 1) = (37x36) = 
= 22.9% = 0.068 


Relative Precision of all measurements = 0.674 x 0.06% = = 0.040% 


This may be regarded as one example demonstrating the degree 
of sensitivity of piezometers and how useful they may be to detect 
improper operating conditions. 


FLOWMETER INVESTIGATION 


During 1934 and 1935, three types of flowmeters, each employ- 
ing a different principle, were investigated in detail to determine 
which type would meet the rigid requirements or could be further 
developed to a satisfactory stage. Aside from a minimum amount 
of maintenance desired, the chief requirements stipulated were 
a high degree of accuracy and sensitivity over the useful range 
and the possibility of totalizing the unit flow automatically for the 
entire station, as well as metering characteristics permitting short 
duration tests on each unit to determine its efficiency. The basic 
principles employed by these types of metefs were as follows: 

For the first type of meter the differential pressure of two 
piezometer taps served to establish flow in a system, the intake 
being the high-pressure tap and the exit the low-pressure tap, 
the rate of flow through this system varying with the differential 
pressure or discharge through the turbine. The meter consists 
of a drum about 10 in. diam and 5 in. long with the axis of the 
drum or cylinder in a horizontal position. A vertical partition 
divides the drum into two half-cylindrical chambers. This par- 
tition supports the hollow central core of the drum. If the drum 


were split open its cross section would be similar to a wheel with 
two spokes. In the central hollow core of the drum, there is 
located a knife-edge bearing or a ball bearing to allow the drum 
to swing back and forth. The two drum chambers are intercon- 
nected through an orifice located near the lower end of the parti- 
tion, that is, near the drum periphery. 

By utilizing the flow through the system to displace mercury 
from one half-eylindrical drum chamber into the other through 
the orifice, there results a rotational movement of the drum 
around its own axis. Water displaced by the mercury in the 
second drum chamber is discharged through the low-pressure tap. 
When reaching a certain predetermined limit of tilting, a four- 
way cock operated by a mercury switch is turned 90 deg, changing 
the feed from the high-pressure tap to the other drum chamber 
and also connecting the low-pressure tap to the opposite chamber, 
thus reversing the flow of mercury and, accordingly, the direction 
of rotation of the drum. In continuous operation, a cyclic rota- 
tional drum movement is obtained similar to a pendulum motion; 
and the larger the differential pressure, the shorter the time re- 
quired for each eyele. A counter, operated by the limit mercoid 
switches mounted on either side of the drum, records the number 
of drum swings and can be calibrated to serve as a flow integrator 
through the turbine. 

The second type of meter employed the differential-piezometer 
pressure to lower or raise a float or dome also through displace- 
ment of mercury, the dead weight of the float being balanced by a 
counterweight supported by a cable fed over a pulley. By means 
of gears, the motion of the pulley shaft may be utilized for in- 
stantaneous-flow indication. The integration of flow is accom- 
plished through a clock-operated disk driving a small wheel at- 
tached to the cable. The cable movement changes the position 
of the small wheel and places it at a certain distance from the 
disk center. While at a high rate of flow, the small wheel is placed 
close to the disk periphery and, therefore, operating under a high 
gear ratio, it is placed in the disk center at zero position of the 
meter and, consequently, does not rotate at all. The small wheel 
driven by the disk in turn operates an integrating counter. At 
the same time, a graphic record of the unit discharge can be ob- 
tained by means of a pen recording the cable movement or posi- 
tion on a drum making 1 revolution per 24 hr. 

The third meter type employed a radically different principle. 
It is based on the fact that the centrifugal force exerted by a fly- 
ball system has the same relation to the rate of rotation that the 
differential pressure has to the rate of flow. The essential parts 
of this instrument are a tilting mercury manometer and a motor 
integrator carrying a flyball system, so arranged that the centrifu- 
gal force due to rotation of the integrator is opposed to the 
force of the tilting manometer, Fig. 7. A mercury switch operated 
by the beam of the tilting manometer controls the motor speed, 
maintaining &« balance between the centrifugal force of the mo- 
tor integrator and the piezometer-differential force acting upon 
the tilting manometer. Since the force due to the piezometer 
differential varies with the square of the flow being measured and 
the centrifugal force of the integrator also varies with the square 
of the integrator speed, the two square laws accordingly cancel, 
thus leaving a direct relation between flow and integrator speed. 
A counter geared to the motor integrator shows revolutions in 
terms of flow. 

While the first type of flowmeter referred to was found to be ex- 
tremely accurate even for very low differential pressures, that is, 
low turbine discharges, its main disadvantage lay in necessitating 
a continuous flow through the piezometer piping system. For 
the measurement of gas, steam, filtered water or any refined fluid, 
there would be no danger from plugging up the piping, but with 
silt-laden river water, such as carried by the Susquehanna River, 
there was great danger of rendering the entire piezometer piping 
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system useless, even with frequent flushing by compressed air or 
filtered water. At the same time, this apparatus did not lend 
itself particularly to totalizing, because a like periodicity of the 
drum motion on different units would not correspond to equal 
unit discharges, due to the difference in the piezometer calibra- 
tions. Theoretically, it could be compensated for by introducing 
different gear ratios for the individual counters or by changing 
the size or location of the orifice connecting the two drum cham- 
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Fie. 7 DtagramMatic SKEetTcH oF Type 3 FLOWMETER 
(By courtesy of the Leeds & Northrup Company.) 


bers or even through adjusting the amplitude of the cyclic rota- 
tional drum movement. In view of the various disadvantages 
and complications, this type of meter, though accurate, could not 
be given any further consideration. 

Two flowmeters of the second type were purchased and installed 
temporarily on separate units in the pipe tunnel beneath the 
generator-room floor. Prior to shipment, these” meters were 
calibrated by the manufacturer for the respective piezometer 
systems. Asa first step, hourly readings of the meters were com- 
pared with analytically determined unit discharges based on 
output. As expected, the flowmeters showed consistently larger 
unit discharges, the discrepancy being more the greater the 
fluctuation in loads carried by the units. With the units operating 
on jhand control and blocked to generate at a constant output, 
there was close agreement between metered and analytical dis- 
charges. These results may be attributed to the concave shape of 
the unit-efficiency curves. 

Next, these flowmeters were used to make turbine-efficiency 
tests of 5- and 10-min duration, the flowmeters being read every 
15 sec and the watt-hour-meter-disk revolutions and the time in 
seconds being recorded by a chronograph. On each unit, the 
test points thus obtained spread considerably over a band about 
3 per cent in terms of efficiency. This discovery led to analysis 
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of the instrument errors by making standard water-column tests. 
Three major sources of errors were revealed. A first error was 
traced to the eccentricity of the integrating disk. This error was 
not constant but had a periodic sinusoidal characteristic com- 
pleting the cycle in '/; hr, corresponding to the time required 
for 1 revolution of the disk. While for one of the flowmeters 
the amplitude of this sinusoidal-error curve varied between 
+0.63 and —0.38 per cent, the other flowmeter showed disk- 
error variations between —0.82 and +1.39 per cent. The 
second error, which could not be controlled, was the variable fre- 
quency of the station-service system from which the clock driving 
the integrating disk obtained its power supply. Since the 
frequency varied about 1 per cent, it was sufficient to make the 
disk error inconsistent with time, by causing a phase shift 
in the disk-error curves. 

The third source of error was due to the lap of the counter 
gears and the weight of the rotating countersweep hand, its 
weight tending to accelerate the motion in the downstroke and 
retard it in the upward swing. This phenomenon superimposed 


Fic. 8 Temporary INSTALLATION OF EXPERIMENTAL TyPE 3 
FLOwWMETER aT No. 5 Unit 


another error of pertodic characteristic upon the first error re- 
ferred to. To make matters more complicated, the frequency of 
the second periodic error was not constant but varied with the 
discharge, being a function of the speed of the countersweep hand 
and, therefore, decreasing with increasing discharge. 

Although results of short-duration efficiency tests, using com- 
pensating measures for the errors referred to, gave greatly im- 
proved results, it was realized that such procedures were too com- 
plicated to be adopted as a routi: measure on all units, because 
the effort involved, in analyzing in: ::ument errors for meters to 
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be installed on all units and the use of difficult and complicated 
compensating procedures for each meter, was far too great in 
comparison with the accuracy of the results obtained. 

An experimental flowmeter of the third type was installed 
temporarily on one of the units, Fig. 8, and operated in parallel 
with one of the meters of the second type. Hourly readings on 
both meters were compared with each other as well as with dis- 
charge computations based on power output. The two flowmeters 
agreed within 0.5 per cent in average, the third type of meter 
being closer to the analytically determined discharge. 

Short-duration efficiency tests on the third type of meter 
showed a very small spread of test points and a very good agree- 
ment with the results of the turbine acceptance tests. The exe- 
cution of these tests could be simplified considerably by being 


able to record the flowmeter countershaft revolutions, Fig. 7, by 
means of electrical impulses on the chart of a recorder simul- 
taneously with the revolutions of the watthour-meter disk and 
second impulses. The watthour-meter-disk revolutions were ob- 
tained by means of a photoelectric-cell arrangement, a small 
electric bulb being placed on one side of the disk and the photo- 
electric cell on the opposite side. The beam of light causing the 
impulses fell through the balancing hole in the watthour-meter 
disk. The second impulses were obtained also by means of a 
photoelectric-cell arrangement mounted on the master clock for 
frequency control of the system, the beam of light being cut by 
the pendulum. 

Next, the meter errors of the third type of flowmeter were 
analyzed by means of the standard water-column tests. As may 
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be seen, the error curve as shown in Fig. 9 had the typical shape 
of a rotational integrating device. While the test points were 
rather consistent, nevertheless it was concluded that further 
improvement of the meter should be carried out to flatten and 
lengthen the horizontal leg of the error curve and improve its 
accuracy to such a degree that even analytical compensating 
measures would not be required for short-duration efficiency 
measurements on the turbines. 

Additional tests were carried out to determine the responsive- 
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ness and sensitivity of the second and third types of flowmeters 
with varying load on the generating unit. The results, shown in 
Fig. 10, demonstrate the consistency of the third type of flow- 
meter, as it follows the watthour-disk-revolution indications con- 
sistently in contrast to those of the second type. 

In view of the fact that the totalizing with the third type of 
meter was a simple electrical problem and _ well-established 
principle, it was decided to use the third type of flowmeter for 
the Safe Harbor installation, provided satisfactory improvements 
were made by the manufacturer in the error characteristics. 


2—FLOW METER EQUIPMENT INSTALLED AT SAFE 
HARBOR 


During 1936 and 1937, various studies were made on remote 
unit-discharge-totalizing equipment. The manufacturer’s at- 
tention was drawn also to the possibility of using this type of 
equipment as part of unit- and station-efficiency indicating-and- 
recording apparatus. By 1938, the plans for such an installation 
had crystallized to a point where it was felt safe to proceed with 
the installation of the flowmeter equipment for all units, as well 
as the flow-totalizing apparatus for the entire station. 

The flowmeters selected were installed in cabinets originally 
provided on the generator-room floor, located adjacent to and 
forming an integral part of the gage boards of each unit, Fig. 11. 
This installation comprised eight flowmeters, one for each of 
the six main units and one each for the two service units. On all 
units the flowmeters were connected to the Winter-Kennedy 
piezometer pair (Ry-R.) and calibrated, based on the data 
given in Table 1. 

It should be noted that the error characteristics of these meters 
had been materially improved, so that no correction of any 
sort had to be applied over the entire range of turbine discharge 
actually used. The improvement in the error characteristics can 
best be realized by comparing the check calibrations of three 
flowmeters after installation, Fig. 12, with the results obtained 
with the experimental flowmeter in 1934, which is shown in Fig. 9. 

Another desirable advantage of these meters is that the check- 
ing or recalibration is greatly simplified by calibrated weights to 
be hung on one arm of the tilting mercury manometer, thus 
eliminating the use of standard water columns. As demonstrated 
by the data plotted in Fig. 12, the results obtained by each method 
are, for all practical purposes, identical. 

The power supply for the flowmeter motor integrators was ob- 
tained from the 120-v 60-cycle station-service system at outlets 
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Fic. 13° Discuarce Torauizinc Retays 


available at each unit gage board. The totalizing apparatus was 
installed on a panel of the relay board in the control room, Fig. 
13. Its principal parts consist of four impulse totalizing relays. 
Three of these serve as unit-discharge totalizers for a group of 
three turbines each and one as master totalizer for the entire sta- 


Fie. 14 Torauizing Retays aNp Station D1scHaRGE 
Counter InsTaLLep on ReELay Boarp 1n Controt Room 


Fic. 15 Sration Totat Discuarce Inpicatork an> RECORDER 
INSTALLED ON INSTRUMENT BoarpD IN CONTROL OOM 


tion, giving the sum total of the three unit totalizing relays. The 
spare position on the first totalizing relay will be used for the flow- 
meter at No. 1 unit, now being installed. While the input-out- 
put ratio of the unit totalizing relays is 5:3, the master totalizer 
has a ratio of 3:1. Since each impulse sent out by the interrupter 
on the countershaft of the individual flowmeters represents 20,000 
cu ft, each impulse received by the station total discharge counter 
from the master totalizing relay corresponds to 100,000 cu ft. 
The station-total counter is mounted below the totalizing relays 
on the same panel, Fig. 14. Individual unit discharges can be read 
on the individual impulse counters of the unit totalizing relays. 
Mechanical counters were provided on all flowmeters in order to 
facilitate the checking of impulse transmission and relay opera- 


tion, as well as for rechecking the calibrations of the flowmeters 
themselves. 
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A total station discharge graphic recorder and discharge in- 
dicator, combined in one instrument, was installed on the instru- 
ment panel located opposite the totalizing-relay panel, Fig. 15. 
The upper range limit of the graphic recorder and the indicator 
was chosen as 80,000 cfs, representing the approximate maximum 
station draft of the Safe Harbor development for a number of 
years in the future. 


3—BENEFITS OBTAINED THROUGH FLOWMETER 
INSTALLATION 


During 1939, various investigations were made based on the 
data obtained by the flowmeter installation. The operators were 
required to read the individual unit discharges and the station- 
total draft every hour on the hour, together with the unit and 
station integrating watthour meters, as well as forebay and 
tailwater indications. The operators, however, were still charged 
with computing the individual unit and total-station drafts based 
on power output, as had been standard practice. It was felt that 
a long-term comparison was essential to obtain the proper basis 
for continuous-flow records at Safe Harbor, the transition period 
furnishing the ratio between computed and automatically re- 
corded station drafts under the various seasonal loading schedules. 
Once sufficient data have been accumulated, it is expected that 
the operators will be relieved altogether from computing the dis- 
charge based on output. 

The data obtained by the operators were also used to investi- 
gate unit and station operating efficiencies. An investigation of 
this kind was all the more essential, as during approximately 290 
days of the year the available river flow at Safe Harbor is 
less than the station draft required with all six main and two 
service units installed operating at maximum capacity. After 
placing the seventh main unit in service, which is now under con- 
struction, the corresponding period will increase to 305 days. It 
was interesting to note that the availability of an input yardstick 
had a decidedly stimulating effect on the operating personnel. 
While, during the first month of flowmeter operation, that is, 
January, 1939, the ratio of actual loss in generation to expected 
loss was greater than unity on all but 8 days, this ratio did not 
exceed unity during 18 days in May, 1939, under similar river-flow 
conditions and loading schedules. It has been estimated that 
an improvement of this magnitude is responsible for an increase 
in generation of at least 0.3 per cent, or approximately 1,700,000 
kwhr per year with the present installation of six main units and 

1,900,000 kwhr per year with the seventh main unit placed in 
service, so that the flowmeter installation will pay for itself in a 
very short time. 


With a close continuous check on unit operating efficiencies 
available, it was also possible to keep the losses due to trash on 
the intake screens appreciably below those which must have been 
prevailing during previous years. Prior to the installation of the 
flowmeters, the screen losses were determined from time to time 
by measuring the screen head loss. Now, as soon as any of the 
units show a drop in operating efficiency, as indicated by the 
hourly readings, the screen losses are determined independently. 
After cleaning the racks, the operating efficiency invariably in- 
creases to the expected level. Although it is difficult to estimate 
the increase in station economy due to this means of obtaining an 
earlier indication of the loss in efficiency due to plugging up of 
the screens, nevertheless, it is believed that the benefits thus 
derived are substantial. 

Since the availability of the particular type of flowmeters per- 
mitted short-duration turbine-efficiency tests to be carried out by 
one man, therefore justifying itself as a routine measure, it was 
also possible to investigate in detail the efficiency characteristics 
of each main turbine over the entire range of operating heads. 
Such a procedure was particularly desirable as these turbines 
are of the Kaplan type, requiring an adjustment of the cam con- 
trolling the gate-blade relation for the various operating heads, 
the operators being required to change to a new cam setting after 
each 1 ft of change in head. While these compensating devices 
on all main units were originally designed and calibrated, based 
on a minimum of information due to the costly testing procedures 
even with the use of the index method with piezometers, the 
flowmeters available made it possible to check and recalibrate 
these compensating devices with a large amount of detailed in- 
formation obtained with a minimum of effort. The scope of the 
work involved can best be realized by mentioning that, although 
five of the six main units were of identical design, nevertheless, 
the characteristic of each unit was found to be sufficiently differ- 
ent from the others to warrant individual cams, consequently 
requiring individual calibration of the cam-adjustment device 
for variation in head. The results of this investigation reflected 
favorably upon the operating efficiencies of the individual units 
and the station as a whole. 

As a next step, a detailed study was undertaken to determine 
the magnitude and duration of avoidable inefficient operation in 
percentage of total operating time. From the ideal loading 
schedule for the main units, as shown in Fig. 16, and valid for a 
gross head of 55 ft, it is apparent that the band of permissible 
load variations of each unit decreases with increasing number of 
units on the line. With capacity requirements above the most 
efficient station operating range with all available units operating, 
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all individual unit loadings are increased by equal amounts up to 
the point of maximum capacity. 

By analyzing the chart of the total station discharge recorder, 
Fig. 15, in the light of the operator’s log, it was noted that con- 
siderable periods elapsed between the time of placing units on or 
off the line and the ideal loading schedule. The losses thus sus- 
tained, though by no means excessive, when compared with some 
other stations were nevertheless appreciable, amounting to 
about 10 per cent of the total operating time on the average.*’ 
It was realized that there was considerable room for improve- 
ment provided proper means were available for giving instantane- 
ous warning when reapportioning of load to individual units is 
required. It is obvious that in this connection some thought was 
again given to efficiency-indicating-and-recording apparatus, 
but another and far simpler and less expensive solution was dis- 


covered. 


4—INSTALLATION OF LOAD-LIMIT LIGHTS 


The characteristics of the Kaplan-type main turbines in- 
stalled at Safe Harbor are such that the most efficient discharge 
range of these units is, for all practical purposes, independent of 
the head if the loading schedules, valid for each head similar to 
that in Fig. 16, are adhered to. Thus the discharge, with one unit 
operating within the permissible load range, varies between 4000 
and 8200 cfs irrespective of the head, and the discharge ranges 


TABLE3 DISCHARGE yx la FOR LOAD LIMIT 


Main units to 


Discharge Discharge-range 
be operated, no. 


range, no. setting, cfs 

1 0- 4000 
4000— 8200 
8200-14900 
14900-21400 
21400-27500 
27500-33900 
33900-40800 
40800-48000 


wh 


with any given number of units operating are also constant, i.e., 
independent of the head for all practical purposes. In view of 
these characteristics and taking proper account of station-service 
unit draft requirements, it was possible to provide for an auto- 
matic and instantaneous load-limit indicating apparatus as an 
integral part of the total station discharge indicator and recorder, 
shown in Fig. 15. 

Essentially, this device consists of a contact-making cam ar- 
rangement controlling two warning lights, one located on the 
operator’s desk and the other on the instrument board above the 
station total discharge recorder. For each load range between 
two discharge limits, Table 3, there is available one contact-mak- 
ing cam assembly independently adjustable as to what part of 
the total-discharge range it will control. A control switch is pro- 
vided with one position for each discharge range, that is, number 
of units to be operated, connected so as to keep the light extin- 
guished when set for the number of units to be in operation for 
best efficiency, as long as the discharge is in the corresponding 
range. If the discharge crosses the limits of this range, the lights 
will be lighted from the contact assembly of the adjacent range 
either until the switch has been reset to the number of units, cor- 
responding to this new range, or the discharge has returned within 
the range. With the control switch being kept set correctly, that 
is, corresponding to the number of units in operation for best 
efficiency in each discharge range, the illumination of the lights 
will indicate inefficient operation. 


* “How We Raise Hydro Efficiencies,’ by E. B. Strowger, Electrical 
World, vol. 103, April 14, 1934, pp. 535-538. 

7“*Waterwheel Testing and Operating Records of Plant Dis- 
charges,” Proceedings National Electric Light Association, vol. 85, 
1928, pp. 872-904. 


It may be noted that eight discharge ranges have been provided, 
the reason being that the seventh main unit is now being installed 
and that an indication is also desirable when the station as a 
whole, with all seven main units operating, has reached the upper 
limit of the range of most efficient operation. 

In addition, the scope of the total discharge station indicator 
and recording instrument will be increased by means of adding 
a load-operating-range scale, each division of this scale cor- 
responding to the permissible range of discharge for a certain 
number of units in operation as shown in Table 3. By means of 
this improvement, it will be possible to observe at a glance how 
many units should be in operation at any time. When reaching 
a load limit as indicated by the warning lights and observing the 
shape of the discharge curve plotted by the station-discharge re- 
corder, it also will be immediately apparent whether an upper or 
lower limit has been reached, requiring one unit to be put on 
or off the line, respectively. 

To keep a definite record of inefficient operation, the station 
total discharge recorder is also to be equipped with an additional 
pen element operating simultaneously with the load-limit lights. 
This added provision will also enable the operators to ascertain 
the duration of the period of inefficient operation prior to noticing 
the lighted load-limit lamps, so that the allowable 10-min interval 
of borderline operation is not exceeded. Some inefficient operat- 
ing time is necessarily unavoidable and, for the present and some 
time past, we have felt that a 10-min period of allowable inef- 
ficient operating time is reasonable. 

The installation of this load-limit light apparatus is now in 
progress and it is expected that, due to its availability, avoidable 
inefficient operation will be reduced to a negligible amount, re- 
sulting in an additional and substantial increase in operating 
efficiency and station output. 


Discussion 


M. M. Borpen.* The type 2 flowmeter referred to was not 
constructed with certain precise operations, involving gear-center- 
ing and tooth-spacing in particular, which are applied to in- 
struments the totalized flows of which are to be read at intervals 
of a few minutes rather than several times a day. 

A case in point is taken from the record of one of several such 
meters, which were furnished for an electric power station. 
In this instance the maximum efrors of the totalizer when 
read at 5-min intervals varied from —0.8 to +0.9 per cent with 
an average for a 90-min period of +0.16 per cent. 

For 10-min intervals between readings, such point errors 
varied from +0.65 to —0.65 per cent and the 90-min average 
was +0.16 per cent. 

For 30-min intervals between readings, the point errors were 
from a maximum of +0.3 to —0.1 per cent, with a 90-min aver- 
age of +0.1 per cent. 

The errors were determined by comparing the readings of the 
fast-moving hand of the totalizer with its 4-in. graduated circle 
with the record of the water weighed in the laboratory tanks. 

The type 2 instrument permitted comparison of the instantane- 
ous rate of water flow with the corresponding instantaneous in- 
dications of the electrical output and of the head on the wheels. 

The water-flow rate indication of this meter is made without the 
use of gearing and may be read by a pointer moving in front 
of an equally spaced flow scale of whatever radius is required. 

While the W-K relationship appears to have a normal flow of 
0.5 for n, the operating principle of the type 2 meter allows it to 
be furnished with a uniformly spaced flow scale for any value of n 
which the particular field rating might necessitate. 


8 Chief Engineer, Simplex Valve & Meter Company, Philadelphia, 
Pa. Mem. A.S.M.E. 
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E. 8. Bristou.* This paper presents an interesting review of 
the steps taken in a persistent investigation that finally resulted 
in a flow-measuring installation of a rather unusual nature. It is 
of interest also to note how the various obstacles were overcome 
through careful study and how the information yielded by the 
final metering system was analyzed to obtain improved station 
performance. 

Additional information with respect to the type 3 flowmeter 
described by the author, will make more apparent the character- 
istics contributing to the degree of accuracy reported. Refer- 
ring to Fig. 7 of the paper, it is seen that the flowmeter is a 
force balance in which a force dependent upon piezometer pres- 
sure difference is opposed to centrifugal force from a rotating- 
flyball system. The meter is a relay-type mechanism, in which 
the balance arm functions only as a detector to regulate electric- 
power supply to the integrator motor. A knife-edge support is 
provided for the balance arm which is not required to operate 
any indicating, recording, or integrating elements, but which 
merely functions to actuate a magnetically operated mercury 
switch. The alternate closing and opening of the mercury 
switch results in an on-off control of the integrator motor, such 
that its speed oscillates slightly above and below the required 
average value for any particular pressure differential. The 
tilting manometer thus has a continuous rocking action, similar 
to that of many speed governors, which reduces to a minimum 
any tendency of the mercury to stick to the manometer tubes 
as well as any frictional effects. 

The flyball system, actuated by the integrator motor, is of 
the neutral type, such that force transmitted to the manometer 
arm is independent of the flyball angular position over the work- 
ing range. This characteristic avoids change in calibration 
when the manometer arm assumes slightly different average 
positions, as required to change the on-off time cycle of the 
mercury switch in maintaining required motor speed, despite 
variations in voltage, frequency, etc. 

The integrating element of this type of meter inherently pos- 
sesses the same accuracy as the meter itself, since direct coupling 
of the integrator to the variable-speed motor, driving the flyball 
system, avoids the introduction of any intermediate errors. 

Separate means of adjustment are provided for calibrating the 
high and low ends of the meter range, thus making it possible to 
match closely the characteristics of the primary-flow element, 
such as the turbine-scroll piezometers employed at Safe Harbor, 
or the venturi tube, flow nozzle, or thin-plate orifice more com- 
monly used. The high-range adjustment consists of a threaded 
rod for changing the point of attachment of the vertical flyball 
link to the horizontal manometer arm. The low-range adjust- 
ment consists of a moving balance weight on the manometer arm. 
By means of these adjustments, the meter calibration can be 

readily changed in the field to suit an experimentally determined 
coefficient of the primary element, in applications where facili- 
ties are available for checking the latter in its service location. 
Figs. 9 and 12 of the paper indicate the nature of the variations 
which can be made in the meter calibration. The experimental 
meter of Fig. 9 was slow at the higher flows, so that the ma- 
nometer balance weight was offset in the increase direction to im- 
prove the over-all relation. The three calibration curves of pro- 
duction meters, in Fig. 12, show much improved settings at high 
flows, with both high and low deviations at low flow, depending 
upon the particular low-range-adjustment setting. As pointed 
out by the author, once the relation between water-column read- 
ings and check-weight readings has been determined, the latter 
can be used in routine accuracy checks with resultant saving in 
maintenance time. 

* Engineering Department, Leeds & Northrup Company, Phila- 
delphia, Pa. Mem. A.S.M.E. 
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The relay equipment for totalizing station-water flow is of the 
standard impulse type employed for electrical-demand metering, 
with minor modifications to suit the high rate of operation re- 
quired. Flow is totalized every 2 min, so that a high rate of 
impulses per minute is necessary in order to obtain reasonably 
close setting of the totalizing recorder. The pen of this recorder 
moves at the expiration of each 2-min interval to a position corre- 
sponding to average rate of station-water flow during that inter- 
val. The totalizing action employs positive forward and return 
electrical impulses, with corresponding forward and return sole- 
noids on the totalizing relays. As a result, no false counts occur if 
a transmitting contact chatters and produces more than one im- 
pulse in the same direction. After each forward impulse, the 
associated return impulse must go through to reset the receiving 
element, before a successive forward impulse can be of any effect. 

The author refers to the possible use of the flowmeter equip- 
ment as a component of efficiency-measuring equipment for 
individual generating units or for the complete station. To 
obtain an indication or record of efficiency, elements must be 
added which will properly combine effects representative of 
electrical output and hydraulic head with the water-flow meas- 
urement and provide an ultimate indication of the ratio of elec- 
trical output to the product of water flow multiplied by head. 
These operations can be performed electrically, using an emf 
from a thermal converter or torque balance to represent electrical 
load, an emf from a slide-wire, positioned in accordance with rate 
of flow, and an emf proportional to head, as derived from float- 
actuated slide-wires at the forebay and tailrace. By applying 
these emf values to suitable potentiometer recording equipment, 
a continuous record can be obtained of the efficiency of an in- 
dividual unit or of the entire station. 

In closing, it may be mentioned that the type 3 flowmeter is 
not restricted to hydraulic applications, but is also employed in 
steam-flow service. 


F. Nacuier.'® The water-power industry has been all too 
slow in analyzing its own performance. Its system seems to be 
much less exact than that of a flour mill, a country grocery store, 
ora gold mine. All too frequently, however, because of the dif- 
ficulty of sampling the ore, mining operations are tabulated on 
the basis of adding the bullion produced to the assumed or meas- 
ured gold content in the tailings, that sum being reported as 
the “head.” Water-power management has not been so greatly 
different in the conduct of its own affairs. 

The ideal state would be to charge to the plant the flow in 
the river and credit to the plant the kilowatthours produced. 
The apparatus methods described in the paper are, apparently, 
sufficiently directed to that very end. 

Is it not inevitable that any piezometer located on the nose 
of the vane will be more erratic, under variable-flow conditions, 
than one located on a surface where the flow is directed? This 
does not refer so much to the variation of flow from the operation 
of the guide vanes, as to variations resulting from influences 
further upstream. Typical sources would be the condition of the 
racks but, more particularly, the condition of operation of adja- 
cent units. In any event, careful observation of the indicated 
results should permit attention to be called quickly to any ab- 
normal flow condition which might be harmful. 

Apparently, Fig. 16 of the paper tells quite a story, not 50 
much for a plant containing six units, but particularly for plants 
which contain more. Flatness of the efficiency-gate-opening 
curve naturally plays less and less part in efficient operation of 
plants as the number of units increases. Should this be applied 
still further to the regulation of units, a series of curves would 


1 Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, Cat 
ada. Life Member A.S.M.E. 
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result very much as shown in Fig. 7 of a paper!! by the writer on 
speed regulation. 


J. F. Roperts.'? This paper should be of great interest to 
engineers who have tried to keep accurate discharge records at 
hydroelectric plants. Apparently, the author’s organization 
has been successful in obtaining the cooperation of the operating 
engineers. In his earlier experience the writer frequently en- 
countered opposition or at least lack of interest in this regard. 
Since turbine flowmeters invariably show a greater discharge, 
as compared with computed discharges based on kilowatthour 
output, the operators sometimes preferred the latter method, as it 
gave them credit for a higher operating efficiency than actually 
existed. 

The desirability of turbine flowmeters is now universally recog- 
nized by operators as essential in large modern hydroelectric 
plants. How many modern steam plants are built at the present 
time without accurate coal, feedwater, and steam flowmeters? 
Electrical engineers would not think of omitting both integrating 
and recording watthour meters, yet some of these same engineers 
formerly belittled the use of turbine-discharge flowmeters, pre- 
ferring to rely on the unit-performance curves made up when the 
units are new and under ideal test conditions. 

The Tennessee Valley Authority has had excellent results with 
the Winter-Kennedy type of taps shown in the author’s Fig. 1. 
One set of these taps was calibrated on a 16-in. test model of a 
45,000-hp 48-ft head, fixed-blade propeller turbine, obtaining the 
following calibration: Q = 6562 D°.*! where D is the deflec- 
tion in feet of water, the quantity of water being measured by a 
weir. 

Gibson tests on similar taps on a 66,000-hp 165-ft head Francis 
turbine gave the following equation for two similar units: 


Unit 1 Q = 1693.4 for R,s—R; 

Q = 1367.7 for Re— Ri 
Q = 1659.3 for R,— R; 
unit 2] 8 = 1325.2 for Ry—R, 


where D is the deflection in inches of mercury. 


J. W. Scovitie."? The stay vanes of a speed ring are a neces- 
sary evil, and their angle and shape have been objects of consider- 
ible investigation in so far as turbine efficiency is affected. The 
angle is necessarily 2 compromise, since a turbine has to operate 
at any gate opening. The angle and shape are such that the best 
efficiency is not reduced nor maximum output affected adversely. 
Necessarily no consideration has been given to the effect on the 
Peck piezometers. The writer has noticed that the coefficient 
for the Peck taps varies with gate opening on Kaplan turbines in 
several plants which have been tested. This fact does not neces- 
sarily preclude their use for index testing in connection with the 
determination in the field of the proper blade-gate relationship 
of a Kaplan turbine. The Winter-Kennedy system is equally 
suitable for this purpose. 

The author mentions but does not stress the fact that the 
piezometers were used for such index testing. It is possible by 
such methods to obtain the correct blade-gate relationship of a 
Kaplan turbine without going to the expense of a water-measure- 
ment test. 


As the author points out, if the deflection between Peck or 


As “Changing Requirements in Hydraulic Turbine Speed Regula- 
= by F. Nagler, Trans. A.S.M.E., vol. 52, 1930, HYD-52-2. 

* Principal Mechanical Engineer, Tennessee Valley Authority, 
Knoxville, Tenn. Mem. A.S.M.E. 

* Assistant Chief Engineer, S. Morgan Smith & Company, York, 
Pa. Mem. A.S.M.E. 
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Winter-Kennedy taps is measured, Q is equal to C x D* where a 
is practically 0.5. If a test is made at various blade angles at 
several gate openings, during which the head, kilowatt output, 
and deflection are measured, curves can be plotted as shown in 
Fig. 17 of this discussion. 

The ordinates KW+/D are proportional to the unit efficiency if 
plotted for a constant head. In effect, such a curve is an over- 


| 


Fie. 17 Curves SHowina RELATION Between Heap, Kitowattr 
Output, AND Der.ection, Resuttinc From Tests aT 
Various BLapE ANGLES AND SEVERAL GATE OPENINGS 


all power-efficiency curve at an unknown scale. The tangent 
point of the envelope to the individual curves at the several blade 
angles A to EF determines the proper gate opening at these blade 
settings. If, as the author suggests, the peak efficiency is esti- 
mated, the efficiency curve is then determined, as well as all 
necessary data for the proper operation of the unit. Thus, the 
advantages of a field test may be obtained on a unit where it is 
impossible to make an accurate water measurement. Such an 
index test may be made on any plant at a saving in cost over a 
more extensive one in which a water measurement is made. 


E. B. Srrowcer.'"* The author shows that at Safe Harbor the 
exponent a in the equation representing the Winter-Kennedy de- 
flection-discharge relation was determined by experiment to be 
0.5, this equation being Q = C X D*. With a equal to 0.5 it is 
apparent that, in the case of the Safe Harbor units, the force due 
to the piezometer differential varies with the square of the flow. 
Since centrifugal force varies as the square of the speed, the 
author was able to utilize an integrator carrying a flyball system, 
so arranged that the centrifugal force due to rotation of the inte- 
grator is opposed to the force of a tilting mercury manometer, 
resulting in a direct linear relationship between flow and inte- 
grator speed. If the value of the exponent had been found to be 
other than 0.5, the relationship between flow and integrator 
speed would not be linear and the integration of the flow would 
have been more complicated. Possibly in this case a slight cor- 
rection in the flyball system could be made to produce the de- 
sired direct relationship. 

Table 4 of this discussion is presented to show a number of 
Winter-Kennedy tap calibrations which have been made by the 
Gibson method of testing on 50 units in 12 different hydroelectric 
power plants. The exponent a for these taps is shown to vary 
from a minimum of 0.476 to a maximum of 0.538 and the arith- 


14 Hydraulic Engineer, Buffalo, Niagara and Eastern Power Cor- 
poration, Buffalo, N. Y. Mem. A.S.M.E. 
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TABLE 4 RATINGS OF CERTAIN WINTER-KENNEDY TAPS BY 
THE GIBSON METHOD 


(Q = C X D*) 
No. of 
Plant Unit Date of Test Test Runs Taps Used 

1 6/18/32 26 865.9 0.529 
2 6 9/10/31 45 - 1923.3 +505 
3 a 9/25/30 45 - 949.0 503 
4 1 4/21/32 29 - 34.1 +500 
2 4/22/32 29 - 
3 4/23/32 29 - 500 
5 2 3/15/33 30 (R4-R1 2759.9 +508 
5 2 3/15/33 30 (R4-Ro 3313.1 -508 
5 9 3/11/33 30 (R4-Rz 2644 .3 518 
5 9 3/12/33 30 2989 8 5 
5 A 3/13/33 31 (Rk-Ro 557 9 521 
5 A 3/13/33 31 599.5 521 
5 n 8/1 32 - 2734.0 513 
6 1 8/15/33 26 -Ro 646.9 2535 
6 1 8/15 33 26 -R3 739-1 2535 
6 2 8/16/33 25 -Ro 650.1 535 
6 2 8/16/33 25 -R3 T5469 +535 
6 3 8/17/33 5 (R4-Ro 668.1 538 
6 3 8/17/33 25 (Rk-R3 740.3 

6 / 18/33 2 Ry 647 8 5 

é 4 8/18/33 -R3 T5301 538 
7 5 9/18/33 ke (Note 1) 2728.9 496 
7 2 10/22/35 47 (Note 2) 1212.9 521 
1 4/16/37 30 (Re-R1 
8 1 4/16/37 30 (R3-R1 835.7 508 
8 1 4/16/37 30 1 686.0 508 
8 2 4/19/37 31 (Ro-R1 1012.2 503 
8 2 4/19/37 32 (R3-R1 893.0 -503 
8 2 4/19/37 31 (R4-R1 710.9 503 
8 3 4/21/37 30 (Ro-Ri 1029.6 495 
8 3 /21/37 30 (R3-R1 870.9 495 
8 3 4/21/37 30 (R4-R 732.8 

8 4 4/23/37 22 (Ro-R1 1035.5 +505 
8 4 4/23/37 22 (R3-R1 894.5 +505 
8 4/23/37 22 (R4-R1 721.2 
9 10/12/37 35 -Ro) 817.1 508 
9 3 10/12/37 35 ss} 941.8 515 
9 8 10/15/37 35 - 354.1 -508 
9 8 10/15/37 35 - 436.7 476 
9 5 10/11/38 ) 873.1 +505 
9 5 10/11/38 21 (R6-R3) 801.8 508 
9 5 10/11/38 21 (R6-R2) 72h .6 505 
10 2 10/20/37 32 Pen} 1310.5 508 
10 2 10/20/37 32 -R3) 1653.7 510 
10 2 10/25/37 32 (R6-R}) 1354.6 
10 1 10/25/37 32 (R6-R3) 1704 8 +503 
1a 3 11/30/37 28 - 2614 2 505 
n i 12/ 28 - 503 
12 dM 1/28/38 37 - 1709.7 481 

Note 1. of three deflections. (Ri-Ro) + (Xo-Ro) + (X1-Ro) 

Note 2. Function of four defections. 2(Xj+X2 +R, - My - Rp) 


metic average of all values shown is 0.511. While the theoretical 
value of the exponent is probably 0.5, in many cases the char- 
acter of the flow in the vicinity of the taps or the condition of the 
tap equipment may be such as to cause the value of the exponent 
to depart slightly from the theoretical value. Attention is par- 
ticularly called to the values of a for unit 8 of plant No. 9 where 
the test on one set of taps showed a value of 0.508 and the same 
test on another set showed a value of 0.476. 


I. A. Wrnrer.'® The writer has had occasion to check the 
performance of type 2 and type 3 flowmeters, and finds that 
both instruments are capable of a high degree of accuracy and 
reliability with, apparently, the advantages of integration 
slightly in favor of the type 3 meter and the advantages of 
indication and servicing slightly in favor of the type 2 meter. 
That part of the paper which the writer is best qualified to dis- 


‘s Senior Engineer, United States Bureau of Reclamation, Denver, 
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cuss is the performance of the prime mover or the differential 
pressure taps, located on opposite sides of the turbine scroll 
case, of which considerable data have been accumulated. '* 

The Winter-Kennedy piezometer system, shown in Fig. | 
of the paper, depends upon the effect of centrifugal force of the 
water as it flows about the vertical axis of the unit, and therefore 
registers as a function of the flow past the piezometer section only 
and is not affected by the coefficient of friction of the walls of the 
conduit, the angle of the turbine gates, or the head on the power 
plant. Whenever possible, pertinent data relating to the per- 
formance of the taps, with respect to these factors, have been 
obtained and it may be said that the results have been highly 
satisfactory. 

An example of the comparison of performance of the prime 
mover and the type 2 meter is illustrated in Fig. 18 and Table 5 


16 Ref. (2) of paper. 


TABLE 5 PERFORMANCE OF DIFFERENTIAL-PRESSURE TAP8 
AND FLOWMETER UNDER VARYING HEAD 


d Re- Q At 
duced 524-ft 
to head 
Servo- d In. 453-ft d From deter- By 
motor- mercury head curve mined ow- Depar- 
piston at by for by meter ture, 
stroke, 524-ft Equation 453-ft manome- dial, per 
in. head head ter type 2 cent 
3.17 0.55 0.48 0.46 330 335 +1.5 
3.08 1.19 1.03 0.99 485 480 —1.7 
3.97 2.15 1.86 i, 640 636 —0.7 
4.86 3.36 2.91 2.91 775 790 +1.8 
5.77 5.08 4.40 4.40 935 0 +0.5 
67 6.56 5.68 5.83 1070 1082 +1.2 
7.33 7.85 6.79 6.98 1165 1175 +0.8 
8.02 9.15 7.92 8.23 1255 
8.87 10.68 9.24 9.60 1350 
8.45 10.20 8.82 8.95 _ 
7.56 8.36 7.23 7.41 ee 
6.67 6.73 5.82 5.83 1080 
5.98 5.40 4.67 4.67 970 
5.31 4.26 3.69 3.69 865 
4.42 2.75 2.38 2.38 710 
3.53 1.74 1.51 1.35 580 
2.26 0.88 0.76 0.50 425 
0.00 0.00 ane 
No readings taken 


Nore: The original calibration of the flowmeter taps was made October 
15, 1937, at a gross head on the plant of 453 ft. The meter register was 
calibrated to agree with these data. The check test by the index method 
was made on December 27, 1939, and the head on the plant at that time had 
increased to 524 ft. 
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TABLE 6 FLOWMETER es AND DEVIATIONS FOR 


Constant ¢ in Deviation from 


equation average c = 972 for 

Unit Q = cd 6 units, per cent 
Nl 988 +1.6 

N2 953 —2. 

N3 986 +1.4 

N4 —0.4 

A6 976 +0.4 

A7 —1.0 


of this discussion, showing the relation of turbine-servomotor- 
piston travel to differential deflection in inches of mercury, as 
observed on differential-pressure taps, installed in unit A-8 at 
the Boulder power plant. The curve for gross head of 453 ft 
was determined by Mr. Gibson, using the time-pressure method 
of water measurement. The curve, designated as 535-ft gross 
head, represents comparable measurements when reduced to a 
common head of 453 ft in accordance with Equations [11] and 
(12},"* stating that the deflection readings may be reduced to a 
common head directly as the ratio of the common to test heads 
or H, to H,. This curve shows very good agreement between 
the original calibration made in 1937 and the check test made in 
1939. The maximum deviation of these curves is about 2 per 
cent, which is to be expected, since there is a change in the coef- 
ficient of discharge of the turbine, due to the constant speed of the 
runner under varying heads and, also, there is a change in the 
coefficient of discharge of the turbines in the opposite direction, 
due to the roughness of the turbine orifices increasing in the two- 
year period between tests, thereby lowering the coefficient of 
discharge. The index test at 535-ft head included readings of the 
flowmeter dial, for comparison with the observed quantities 
determined by the manometer readings shown in Table 5. This 
table shows the maximum deviation between the flowmeter dial 
and the manometer reading to be plus 1'/: per cent and the aver- 
age throughout the range of the curve is less than 1 per cent. 

is would appear to be a satisfactory performance of the meter 
after two years of continuous operation and without special ad- 
Justment for the tests. 

Fig. 19 of this discussion is of special interest in comparison of 
the discharge-differential-pressure relation as obtained on units 
of the same design. This figure shows results of calibration made 
on six units with identical scroll cases at the Boulder power plant, 
each developing in excess of 115,000 hp, when operating at a 


Fic. 19 Comparison or FLOwWMETER PERFORMANCE FOR IDENTICAL TURBINE-SCROLL Cases 


head of 475 ft or higher. Three sets of flowmeter taps were 
calibrated by the time-pressure method of water measurement 
(Gibson tests), and three sets were calibrated by the index 
method, using one unit tested by Mr. Gibson as a basis and as- 
suming the other units to have the same coefficient of discharge. 

It is not to be expected that the performance of the taps for 
similar units will be in better agreement than the data shown in 
Fig. 19, due to the lack of exact cross-sectional area of the casings 
at the metering section, and the lack of similarity of the runner 
and turbine gates which affects the coefficient of discharge at 
different points around the turbine speed ring. It is also likely 
that the coefficient of discharge may vary as much as 5 per cent 
for similar turbines, due to differences in orifice areas in the 
runner, inherent with the difficulties of producing large steel 
castings. The change in discharge of the unit due to a change 
in the controlling-turbine areas may be aecounted for by making 
precise calibrations of the runner, in order to apply the proper 
correction factor because of the lack of similarity when extra- 
polating test data from similar units. 

A study of accumulated data for various tests of turbine-flow- 
meter installations indicates that exponent a of 0.5 gives more 
consistent results than exponents determined by other flow 
means. This is in agreement with the authgr’s conclusion, 
based upon the study of results obtained by means of precise 
current-meter measurements. With these data as precedent, it is 
recommended that exponent a, used in the flowmeter calibra- 
tions, be accepted as 0.5 and the constant for each individual 
run be determined on this basis with the general equation for 
the entire range of flow determined by means of weighted aver- 
ages so that the greater degree of accuracy obtained for the 
higher water measurements may be given full weight in the final 
equation. The data given in Fig. 19 are determined upon this 
basis. 


AvuTHorR’s CLOSURE 


In making more pertinent data available, the various contribu- 
tions to the discussion constitute a valuable addition to the 
paper. Mr. Borden’s comments confirm the conclusions regard- 
ing the type 2 meter, as the amplitudes of the sinusoidal-error 
curves for the two meters of this type investigated are of the 
same magnitude as for the meter mentioned by Mr. Borden. 
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While the amplitude for one of the type 2 meters was found to 
be (0.63 + 0.38) or 1.01 per cent, that of the other was (1.39 + 
0.82) or 2.21 per cent. Based on the 90-min test period and read- 
ings at 5-sec intervals, Mr. Borden’s meter, of the same type 
picked at random, apparently has an error amplitude of at least 
(0.8 + 0.9) or 1.7 per cent. 

Regarding Mr. Bristol’s contribution, it may be pointed out 
that the type 1 meter may also lend itself to efficiency-indicating- 
and-recording apparatus, as the electrical impulses obtained from 
the mercoid switches limiting the swing of the drum, Fig. 20 of 
this closure, could be used for the positioning of slide-wire ele- 
ments. At the same time, it should not be lost sight of that 


HIGH PRESSURE SIDE 


SOLENOID OPERATED 
FOUR-WAY COCK - OPERATED BY 
MERCOID SWITCHES 


MERCOID LIMIT SWITCH 


MERCURY OR 
CARBON TETRACHLORIDE 


Fie. 20 Scuematic View or Tyre 1 METER 


load-limit indications, based upon hydraulic input or efficiency- 
indicating-and-recording apparatus, are not the only two alter- 
natives to improve operating efficiencies. Alarm devices, similar 
in principle, may be based upon power output rather than upon 


hydraulic input and, if need be, with manual or automatic ad-— 


justment for head. Still other alarm devices may take advantage 
of gate opening using the stroke of the servomotor piston of the 
gate mechanism as a primary element. 

Mr. Nagler touches upon a subject of wide interest. For many 
years there have been two schools of thought. One of these ad- 
vocates that only vital machinery together with the very mini- 
mum of auxiliary equipment be installed with the intent of sim- 
plifying operation and keeping the investment as small as possible 
without impeding service. Those adhering to this point of view 
usually claim that many of the more modern power stations are 
over-equipped with auxiliary instruments and apparatus of all 
sorts, complicating operation unnecessarily. The second school 
and no doubt the more progressive one believes that the omission 
of certain apparatus is false economy and that auxiliary instru- 
ments are justified, provided they either pay the'r own way 
through increased generation or by making data available which 
may ultimately lead to improved service through furnishing the 
basis for performance investigations and thus contribute to an 
advancement in the art. It is thought, however, that no single 
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policy may be advocated as, depending upon local conditions, 
either course may be well justified. 

Mr. Roberts very aptly points out that the metered turbine 
discharge will be invariably larger than the discharge determined 
indirectly, based upon output. Since this difference is inherent 


with the convex shape of unit-efficiency curves, it seems rather 


puzzling why any operator should object to metering. 

Regarding Mr. Scoville’s discussion, it is believed that the 
best speed-ring design is very likely also the most favorable to 
the installation of Peck piezometers. The most advantageous 
shape of the stay vanes necessarily is such that it produces no 
vortexes which would adversely affect the turbine efficiency. It 
is under these ideal conditions, free of vortexes, that piezometers, 
in this case those of the Peck type, are most reliable. 

Index testing was not particularly stressed as it had been dis- 
cussed in detail in a previous paper‘ to which reference was made 
in this paper. However, a calibration of the piezometers by 
means of a quantitative water-gaging method, suitable to local 
conditions, is thought to be essential for a complete field test. 
Exclusive reliance on a step-up formula from laboratory results 
is as yet not feasible if a high degree of accuracy is desired for 
input data obtained by means of piezometers. With duplicate 
units of identical manufacture, the piezometer calibrations of at 
least one unit should be obtained by means of absolute water 
measurements, with the taps of the other units to be calibrated 
indirectly by assuming the efficiencies of both to be alike. 

The question raised by Mr. Strowger for a possible adjustment 
on the type 3 meter for exponents differing by a small amount 
from 0.5 has been answered by Mr. Bristol. An adjustment is 
possible on the flyball system. 

The statement made by Mr. Winter, regarding the perform- 
ance of type 2 and type 3 flowmeters is interesting, particu- 
larly so because our experience has been different in that the 
type 3 meter was found to be not only more accurate but, at the 
same time, needed considerably less servicing than the type 2 
meter. 

In view of the conclusions reached with respect to the magni- 
tude of the exponent, the additional piezometer-calibration data 
made available by Messrs. Roberts, Strowger, and Winter are of 
utmost importance. It is believed, however, that equal weight 
should not be given to each individual piezometer calibration 
cited. While some of the calibrations were obtained by means 
of graphic procedures, others were arrived at by means of ana- 
lytical computations, using the method of least squares. Only 
the latter method is thought to be sufficiently accurate to war- 
rant serious consideration, if a high degree of accuracy is desired. 
At the same time, the calibration method employed must be 
given some weight, together with the number of test points, 
magnitude of test-point dispersion inherent in the various ab- 
solute water-measuring methods, as well as local conditions. In 
this connection, attention may be drawn to the remarkable con- 
sistency of the results obtained with the water-gaging method 
employed at Safe Harbor, as it compares most favorably with 
that of any other method known at this time. Whether or not 
the exponent is actually 0.5 or a value very close to it may de- 
pend to a certain extent upon local conditions but there seems 
to be an agreement that for practical purposes an exponent of 0.5 
may be entirely adequate in most cases from a metering point of 
view. 
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Speed Regulation of Kaplan Turbines 


By J. D. SCOVILLE,’ YORK, PA. 


In this paper hydraulic-turbine speed-regulation data 
are presented and compared with calculated performance. 
Field tests made at the Bonneville and Guntersville power 
plants are cited. The effect of air admission during load 
rejection is discussed. Runaway-speed tests in the field 
are compared with model data. 


HE problem of speed regulation has been the subject of 
_— publications, although but meager field-test data 
have been presented for comparison with theoretical per- 
formance. It is the purpose of this paper to present the results of 
tests made on the adjustable-blade or Kaplan turbines at the 
Bonneville and the Guntersville hydroelectric plants, two recent 
power projects developed, respectively, by the United States War 
Department and by the Tennessee Valley Authority. 
Kaplan turbines require special consideration in the matter 
of speed-regulation studies for three reasons: 


1 The blades of the runner change pitch simultaneously with 
the movement of the gates for change of load. 

2 The runner must frequently be placed below tail water to 
prevent cavitation. 

3 The runaway speed is higher than that of other types of 
turbines. 


Obviously, if the machine remains connected to a large system 
after a load change, the frequency variation cannot be calculated, 
since the flywheel effect of all the connected rotating machinery 
is one of the determining factors and is unknown. Consequently, 
when load is rejected from or imposed on a hydroelectric unit, 
its regulation must be calculated either on the basis of being con- 
nected with rotating machinery of limited extent and of known 
characteristics or on the basis of an isolated generator, operating 
on a load with no contributing WR? effect. The tests to be de- 
scribed were made in such a way that only the WR? of the rotat- 
ing elements of the unit itself affected the regulation. When the 
load of a hydrogenerator is changed, the speed change depends 
upon the mechanical characteristics and condition of the gover- 
nor, the flywheel effect of the turbine and generator, the hydraulic 
conditions at the plant, and certain hydraulic characteristics of 
the turbine itself. 


CaLcuLaTING SPEED Drop 
The speed drop for a sudden increment of load on a unit is 
81,000,000 x HP x T 
WR? x N? 
speed drop, per cent 
load change 
time of gate movement, sec 


flywheel effect of rotating elements, lb-ft? 
normal speed of unit 


The préduct of this formula is an approximation, since in it the 
assumption is made that the input to the generator, during the 


on Chief Engineer, 8S. Morgan Smith Company. Mem. 


Sq 


where S, 
HP 


Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


transition period, increases in a straight line. This is not quite 
true, but the error is not serious. 
Sa 
1 + S,/(N, — 1) 
where S, = speed rise for same load as given, rejected, and with 
the same time of gate movement 
N, = runaway speed expressed in relation to normal speed 


S, = 


If the turbine is operating in an open flume, the regulation cal- 
culated from the foregoing formulas will apply. If there is a 
closed channel or penstock leading to the wheel, pressure changes 
will occur during the gate movement and the speed rise or drop 
will be increased. The average pressure change during the load 
change should be used. 


Sa 
~ (1— AH)? 
and S’, = + 
speed drop, corrected for pressure drop 
speed rise, corrected for pressure rise 


average pressure drop, or rise as the case may be, 
expressed as a decimal 


where S’, = 
= 
AH = 


The maximum pressure change can be obtained (1)? by the 
use of the Allievi charts or other methods. This maximum pres- 
sure rise should be used in the design of penstock and casing, but 
for the purpose of correcting speed regulation, the average pres- 
sure rise should be used. Hence, T is the total time of gate move- 
ment when applied to the Allievi charts. The actual change in 
discharge should, of course, be used to compute the change in 
velocity. The momentum formula is also applicable in obtaining 
the average pressure rise, where 


For partial load changes the time of gate movement will not 
be in proportion. There is a “dead time’”’ which includes the time 
to transmit the speed change from the flyballs to the pilot valve, 
to the relay valve, to the gate servomotor and, in the case of the 
Kaplan, to the blade servomotor, also to accelerate the oil in 
the piping and the mass of the gate mechanism. This should not 
be confused with the sensitivity of the governor. Table 1 shows 
approximately how the governor time varies with load. 


TABLE 1 VARIATION OF GOVERNOR TIME WITH LOAD 


-35 
-2 


pproximate. If 
a more exact method of computation is desired, the step-by-step 
method of computation may be used, in which the energy transfer 
between the water column and the runner is considered during 
short intervals of time during the load change. In using this 
method account must be taken of the relationship between the 
blade and gate movements and also of the lag of the blades, caused 
by the necessity of accelerating the blade mechanism and the oil 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fie. 1 Cross Section THrovuGH Station Service Unit, BONNEVILLE ProJectT 


in the piping. For a detailed discussion of this method, reference 
is made to a paper (2) by Strowger and Kerr. 


APPLICATION OF METHOD TO BONNEVILLE TURBINES 


The formulas and data have been applied to the Bonneville 
turbines and compared with field-test data obtained during the 
initial period of operation. hese tests were made by the turbine 
manufacturer in cooperation with the United States Army Engi- 
neers, by whom this project was built. At that time, 1938, there 
were two Kaplan turbines of 66,000-hp capacity, driving 48,000- 
kva generators and one 5000-hp Kaplan wheel connected to a 
4000-kw generator. A cross section through the station-service 
unit is shown in Fig. 1. The main turbines are the highest pow- 
ered Kaplan wheels in the world and operate under a maximum 
head of 69 ft. For this reason, a substantial submergence was 
necessary to prevent cavitation. Fig. 2 is a cross section through 
the powerhouse, which shows the intake, turbine, and draft 
tube. 


Water RueEostat Usep to Loap GENERATOR 


During the early operating period, the transmission lines were 
not completed so that, in order to load the generators, it was 
necessary to build a water rheostat capable of absorbing about 
50,000 kw (3). With this apparatus, both load-on and load-off 
tests could be made without the introduction of any flywheel 
effect other than that of the machine itself. 


PROCEDURE FOR TESTING 

The station-service unit was tested first. The blades of this 
runner can only be adjusted with the machine shut down. There- 
fore, tests of speed rise and drop were made at several blade 
positions. The blades were adjusted to a given position, the gen- 
erator loaded to a predetermined output, and then the circuit 
breaker was tripped. The speed rise was recorded by a Horne 
tachograph which was connected electrically to the generator 
through a transformer and which, by means of a flyball-operated 
pen, recorded the variation of speed during the transition period. 
A recording Bristol pressure gage was attached to the penstock 
adjacent to the turbine scroll to obtain the pressure change during 
the gate movement. 

After a load-rejection test was made and the data obtained, 
the machine was again brought up to normal speed and voltage, 
and the circuit breaker closed. Since the rheostat was in the 
same position, instantaneous load-on regulation data were thus 
obtained from the Horne tachograph and the Bristol pressure 
gage. Altogether 34 load rejections and additions were made, at 
five blade settings and several gate openings each. Fig. 3 sum- 
marizes the data. It will be noted that while the computed speed 
rise checks fairly well with the test results, the speed drop from 
test is substantially less than the computed value. In this con- 
nection, it should be noted that, when some load less than the 
maximum turbine output is imposed, the gates by overtraveling 
make available more power input to the generator to prevent 
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speed drop; hence, the calculated value is on the safe side for 
all loads except for the maximum at each blade setting. Of course, 
it must also be realized that the mechanical condition of the gov- 
ernor has considerable bearing on the actual speed change. It 
should again be pointed out that, since the service-unit runner 
had manually adjustable blades, the tests cited were, in effect, on 
4 fixed-blade runner at several angles. 


Tests on Marin Units 


The main units are completely automatic Kaplans, that is, 
the blades move with the gates, taking predetermined positions 
for each gate opening. Tests were made on both of these units 
in the same manner as on the service unit, using the Horne tacho- 
graph and the Bristol recording pressure gage to obtain the neces- 
sary data. The water rheostat provided the load and was quite 
satisfactory except that, due to its location in the forebay, surges 
set up by the larger sudden load-on conditions caused severe 
power swings. More than 32,000 hp could not be taken on for 
this reason. Up to 60,000 hp, load rejections were made with no 


trouble, since the surges occurred after the rheostat was separated 
from the line. 

Fig. 4 shows the test results compared with the computed 
speed change and indicates fairly close agreement. The load-on 
regulation is relatively not quite so good as for the service unit. 
This can be explained by the fact that the blades do not move 
quite as rapidly as the gates and by the dead time in starting 
them. They are in the flat position before load is imposed and 
must open before any substantial amount of power can be de- 
veloped. The blades of the service unit were open and ready to 
assume load. 

It was found that, for large load rejections, the governor did 
not again come to rest without several oscillations. Fig. 6 il- 
lustrates this on unit No. 1, showing the record of speed change 
versus time taken by the Horne tachograph. As a matter of 
fact, the unit at first got completely out of governor control and 
the gates oscillated over their entire range and had to be stopped 
with the hand load limit. The reason for this is probably as fol- 
lows: Since the runner is considerably submerged, after the gates 
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are closed, the runner operates as an axial-flow pump against a 
shutoff head equal to the barometric pressure plus the submer- 
gence. It attempts to pump the water between the runner and 
gates downward, and absorbs a large amount of power in doing 
so. This causes a rapid deceleration in speed, which requires a 
large gate movement and initiates hunting of the governor. 
This condition was much improved by the installation of a low- 
gate-limit stop which prevented the gates closing below the 
speed-no-load position when load was rejected, thus preventing 
the speed from reaching an excessively low value. 

A slow closure at the end of the servomotor stroke aids the 
situation, if it is so designed as to permit the rapid opening of 
the gates the instant the governor so requires. 

The introduction of air into the space between the runner and 
the gates destroys the vacuum there and reduces the braking 
effect on the runner so that the deceleration after the gates are 
closed is not so rapid. 


Tests AT GUNTERSVILLE PLANT 


The foregoing was illustrated during tests on the turbines in 
the Guntersville plant of the Tennessee Valley Authority. These 
are Kaplan wheels of 42,000-hp capacity under 42-ft head at 


20 
Z10 3 55 GATE 
« 
29,700 KW OFF OFF 
bes 70 GA 95 GAT 


Fic.6 Recorp or Speep CHANGE Versus Time; Unit No. 1 


\air VALVE IN \NORMAL OPERAT\ION 


2 


Fic. 8 Variation IN PREssuRE UnperR Top Piate at A; Unit No 
3, Durtne Loap ReJections oF 7000 to 27,000 Kw 


+20 Kw 14200 Kw OFF 

5 Ome Z 
+30 —— 


21,000 KW OFF — 27,000 Kw OFF —— 


58 GATE 


< 
-0— 
8 
7,000 KW _OFF— 
68 GATE —— 
\ 
“10 


Fic. 10 Spreep-Time Caarts From Tacnocrara 


69.2 rpm, driving 30,000-kva generators. Fig. 5 shows a section 
through one of the units in this plant. 

As there was no water rheostat available, only load-rejection 
tests were made. The speed rise during load rejection was 
measured by the same Horne tachograph as was used at Bonne- 
ville. A Bristol recording pressure-vacuum gage was attached to 
the turbine top plate at A, Fig. 7. A spring-loaded air valve is 
connected at about the same elevation and so arranged that, when 
the vacuum under the top plate reaches a predetermined value, 
the valve opens and admits atmospheric air. 

Fig. 8 shows the variation in pressure under the top plate at 
A on unit No. 3 during load rejections of from 7000 to 27,000 kw. 
It is shown here that, at the higher load rejections, a vacuum 
of 26 in. of mercury was reached during closure of the gates but 
that, by the admission of air, it quickly dropped to about 8 in. 

A second load rejection of 27,000 kw was made on this unit, 
with the air valve closed, the effect being shown in Fig. 9. The 
vacuum reached 30 in. of mercury and then slowly dropped to a 
fluctuating value of 16 to 20 in., after an intermediate sharp 
drop to 8 in. It is this rapid change in vacuum which sometimes 
causes the rotating element to jump from the thrust bearing. The 
admission of air reduces this tendency considerably. 
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The speed-time charts from the tachograph are shown in Fig. 
10, the first four diagrams being for load rejections with the air 
valve in normal operation and the fifth curve for load rejection 
with the air valve closed. It will be noticed that the oscillation 
of speed below and above normal, after closure, is substantially 
less with the admission of air. 

Fig. 11 .s given as an example of normal speed regulation. 
This is a small unit not comparable in size with either Bonneville 
or Guntersville but shows the type of speed-time curves which are 
desirable. These are about the character of curves which would 
be obtained on a Francis turbine during load rejections. 

In the event of governor failure, when the gates are wide open 
and, if for some reason, they remain in that position after the 
load has been tripped off, runaway speeds can be reached. 
Maximum speed occurs if the gates are wide open and the blades 
about half open. This is an abnormal condition, as the blades 
should be in the steep position at full gate. Under the latter 
condition, the overspeed is much reduced. The maximum speed 
which can be reached occurs at some intermediate gate-and-blade 
position and is about 85 per cent of the value of full-gate—half- 
blade position. 

Overspeed tests were made on both turbines at Bonneville and 
the results checked within, 1 per cent and 5 per cent, the predicted 
values from model tests. It was found from these tests that run- 
away speed is affected by plant o, where 


Barometer — (+H,) 
H 


in which 
H, = suction head on runner; minus if runner is below tail 
water, and plus if above 
H = head operating on turbine 


During the runaway-speed tests in the field, it was noticed that 
there was a large opening tendency of the blades. This is a de- 
sirable feature since, at large blade angles, the overspeed is still 
further reduced. 


CoNCLUSIONS 


The problem of speed regulation of large Kaplan turbines in- 
volves careful consideration of a number of factors which are not 
of particular concern in the ordinary Francis turbine. It is 
hoped that this paper has illustrated some of these and that more 
information will become available, as it is of interest not only 
to turbine and governor manufacturers but also to plant oper- 
ators. 
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Discussion 


J. M. Mousson.* This paper deals almost exclusively with 
load rejection. Although this phase of speed control is by no 
means the most important, it is perhaps the most spectacular. 
A great deal is claimed for air admission and yet, in the light of 
the data presented, there could perhaps be some doubt as to the 
effectiveness of air. Apparently, the author’s case rests on a 
comparison between the two tests made with and without air ad- 
mission at one 42,000-hp turbine of the Guntersville develop- 
ment under load rejection of 27,000 kw and shown in Fig. 10 of 
the paper. Based on these data alone, not much can be said in 
favor of air admission. While a3 per cent gain in speed minimum 
may be observed with air, the speed maxima as well as the num- 
ber of speed oscillations are identical in both tests. 

Believing in the beneficial effect of air and to support the 
author’s conclusion, some data obtained with an oscillograph on 
No. 3 unit at Safe Harbor in 1934 are presented. This turbine 
is rated at 42,500 hp under a head of 55 ft and operating at 109.1 
rpm. 

A comparison of the first two graphs in Fig. 12 of this dis- 
cussion shows that, whereas, a load rejection of 18,000 kw with- 
out air injection produced 3 distinct cycles of speed oscillation, 
only 1!/, cycles could be noted with air admission. This is in- 
deed a striking example of the benefit of air injection, as it ac- 
complished a 50 per cent reduction in speed oscillation and an 
almost equal reduction in time required to obtain speed equilib- 
rium. 

From a comparison of governor performance at Bonneville 
and Guntersville presented in Figs. 6 and 10 of the paper, re- 
spectively, it is evident that there must be either a fundamental 
difference in the governor design or in hydraulic conditions. 
Does the author attribute the improved performance at Gunters- 
ville to the gate-limit stop mentioned by him which prevents the 
gates from closing below speed-no-load position, together with 
provisions for a slow closure at the end of the servomotor stroke, 
so designed as to permit the rapid opening of the gates, if re- 
quired by the governor? 

While air injection did show very beneficial results at Safe 
Harbor, equally satisfactory governor-performance improvement 
was obtained with a cam mechanism installed on the governor of 


’ Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. Mem. A.S.M.E. 
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Fig. 13 SHapre or Cam TO PREVENT HuNTING 


Fie. 14. Cam Mountep on COMPENSATING CRANK OF SAFE HARBOR 
GOVERNOR 


unit No, 3, introducing a large speed drop for the light-load 
range. The third graph in Fig. 12 shows the speed oscillation 
obtained with this device under load rejection of 17,000 kw. 
This cam device is mounted on the compensating crank, Figs. 
13 and 14 of this discussion, in such a manner as to contact with 
the equalizing mechanism at a gate opening of 15 per cent on the 
losing stroke, causing an upward push on the speed rod and 
opening the pilot valve in the direction to open the gates. While 
the gates are still rapidly moving in the closing direction, forces 
pea thus set up in the governor system opposing the closing mo- 
tion, resulting in a dissipation of stored kinetic energy in the 
moving mass by the time the gates reach zero opening. The 
gates at once assume speed-no-load position with no further os- 
cillation. In effect the cam increases the inherent speed drop 


from approximately 2.5 per cent to approximately 10 per cent 
beldWw 15 per cent gate. 

After the tests on unit No. 3, all of the governors at Safe Har- 
bor were equipped with a cam of this type. Subsequent experi- 
ence in operation has fully justified their installation. It is be- 
lieved that, while the method of air injection is satisfactory, its 
application as a continued feature to operation is not economical, 
due to the large reserve of compressed air required for emergency. 
The use of a cam mechanism or some other mechanical feature 
accomplishing the same results as described is preferable. 


F. NaGcier.‘ The type of comparisons made by the author 
are not encountered as frequently as they should be for the good 
of the hydroelectric-power field. These comparisons form an 
excellent answer to the criticism that the basic speed-change 
formula, given at the beginning of the paper, is only approxi- 
mate. It is very definitely, however, a workable approximation, 
certainly as accurate as necessary for the purpose in question. 

Three of the four variables in that formula, that is, WR? x 
N?, divided by HP, are constant for any particular unit and 
regulation depends principally upon them. It is, ordinarily, 
much simpler to speak of them as the regulating constant, since 
they represent the ability of a unit to regulate the speed. Ex- 
pressed in the inverted form immediately preceding, they ordi- 
narily vary between 5,000,000 and 10,000,000. It is of special 
interest that certain sizes and speed ranges of units must have 
additional flywheel effect added to the generator to raise this 
regulating constant to a feasible figure, whereas, other types, 
particularly in the high-speed and large-capacity ranges, in- 
herently possess a regulating constant sometimes larger than is 
necessary. This is dictated by generator design. 

Putting this regulating constant in the denominator of the 
author’s basic speed-drop formula leaves the speed regula- 
tion dependent upon the governor time 7. Modern governor 
guarantees mean little or nothing beyond the statement that, if 
the regulating constant is a certain amount, if the unit is dis- 
connected from the load, and if a certain governor time is used, 
certain figures, which have practically nothing to do with the 
regulation of a system, can be computed. 

Usually, the governor time, 7’, ranges somewhere between 2 
see and 10 sec. Most governors are purchased on the basis that 
they will close the gates in from 2 to 4 sec. Some of the largest 
operating companies, thereafter, normally adjust all of their 
governors so that they cannot close in a shorter time than 7 or 8 
sec. Here we have a situation carried over from the days of 
isolated units, entirely comparable with insisting on a whip 
socket on the automobile dashboard. Bids may be compared on 
the basis of a few per cent difference in speed-change guarantees 
in the face of the realization, should thought be given to it, that 
these figures will probably be doubled in actual operation and 
probably with definite improvement to the system frequency. 

The writer would suggest that, in the future, consideration be 
given to a simple statement of the regulating constant as an in- 
dication of the influence of the unit on system regulation and a 
statement of the guaranteed minimum governor time as an indi- 
cation of the governor capacity. The absurdity of present-day 
governor guarantees will be somewhat reduced thereby. 

Referring to the formula for average pressure rise immedi- 
ately preceding Table 1, a somewhat closer approximation of the 
pressure rise and pressure drop, through the ranges usually ex- 
perienced in practice, is obtained by adding 10 per cent to AH 
for pressure rises and subtracting 10 per cent from AH for pres- 
sure drops. This brings the approximate formula fairly closely 
in line with Allievi. 

Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, 
Canada. Life Member A.S.M.E. 
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It is significant that the author’s charts of speed regulation 
show no results with load thrown on. This is logical becausé@, in 
actual plant operation, except in connection with isolated units, 
as on a mining load, it is seldom that a unit ever has to meet 
sudden large increases in load. It is of interest that the author 
made tests with the load thrown on. The writer has used a 
water rheostat similarly, but was rather intrigued with the fact 
that, whereas, a load of, say 20,000 kw could be dropped in- 
stantly by pulling a switch, the same load was not picked up if 
the switch was immediately reclosed. There seemed to be a 
definite lag in the ability of the water rheostat to pick up the 
load it had just dropped. It would be of interest to have the 
author’s comments on whether he observed any similar action in 
connection with load thrown on. 

In conclusion, the writer would again emphasize the desirability 
of some change in the attitude of both purchasers and manu- 
facturers in making governor guarantees. The formulas pre- 
sented by the author have served their purpose for about 30 
years, during which time probably 90 per cent of our turbine- 
horsepower capacity has become connected to the larger systems. 
Those systems operate the year round with 1 or 2 per cent maxi- 
mum speed change. The units cannot receive large increases 
in load and, if they lose their load, they are disconnected from 
the system and have no influence on it. It may logically be 
concluded, therefore, that governor guarantees up to 25 or 30 
per cent speed change are aclumsy attempt to effect a set of regu- 
lating conditions which may be much more simply and accu- 
rately expressed by regulating constant and governor time. Pro- 
gressive purchasers are already looking at these basic figures, 
and greater progress would probably be made in the hydraulic- 
turbine field if more attention were directed toward them rather 
than to outmoded and academic speed-regulation tables. 


J. F. Roperts.5 This paper covers quite fully the various 
factors which must be coordinated in order to obtain satisfactory 
regulation of Kaplan-type turbines. In the case of the Gunters- 
ville turbines of the Tennessee Valley Authority with which the 
writer was particularly interested, it was possible to vary both 
the rate of movement of the runner blades and of the wicket 
gates, and, thus, in the field, determine that combination which 
would result in the most satisfactory combination. 

As finally adjusted, the wicket gates were set to open and close 
in from 8 to 10 sec with the runner blades opening in about 8 sec, 
but requiring about 40 sec to close. While faster operation of 
the wicket gates is possible, it was found that on such a large 
system the frequency of the system varies slowly even for a sud- 
den loss of 30,000 kw. More rapid operation of the wicket gates 
imposes heavy loads and shocks on the wicket-gate mechanism 
without apparent improvement to the system-speed regulation. 
It also causes greater pressure variations, particularly in the 
draft-tube water column which, while possibly not dangerous to 
the structures, are unpleasant and, in this case, apparently un- 
necessary. 

It is interesting to note that the author’s tests demonstrated 
it to be almost impossible to obtain a flat blade angle of the run- 
ner at full wicket-gate opening and runaway speed. This means 
that on future projects it may be possible to make an appreciable 
saving in generator costs, since generators designed for full gate 
and flat-blade runaway must be designed for about 270 per cent 
of normal speed, as compared with about 200 per cent speed for 
full gate and steep pitch on the runner blades. 


E. B. Srrowcer.* The author has presented test data on the 


6 Principal Mechanical Engineer, Tennessee Valley Authority, 
Knoxville, Tenn. Mem. A.S.M.E. 


6 Hydraulic Engineer, The Niagara Falls Power Company, 
Buffalo, N. Y. Mem. A.S.M.E. 
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Note. 
Fig. 15 Excess ENnercy Causep By Loap CHANGE 


speed regulation of Kaplan turbines which are of value to hy- 
draulic engineers engaged in water-power development, since 
but little if any such data have been published in the technical 
press to date. His approach has been through an approximate 
equation for reasons stated in the paper. In discussing the 
matter, he has referred to a paper (2) by 8. L. Kerr and the writer, 
dealing with the step-by-step method of computing speed rise or 
speed drop for sudden load changes, in which a rational approach 
has been attempted and in which application of this method has 
been made to Francis turbines with good results. The writer 
therefore wishes to discuss the possibility of the application of 
this step-by-step method to Kaplan turbines. 

Let us first consider a few simple but fundamental relation- 
ships. Referring to Fig. 15 of this discussion, assume an isolated 
unit operating on a load with little or no connected Wr? so that 
the only steadying influence on the speed would be the flywheel 
effect of the generator rotor. Suppose a load change takes place, 
as shown in Fig. 15 (a), the load dropping from A to B, and let us 
assume that the length of penstock and of draft tube is negligibly 
small. The turbine load then decreases approximately as 4 
straight line with respect to time, as the governor closes the tur- 
bine gates to the new position of load demand. _ In this case, tle 
excess rate of energy transfer from the penstock to the turbine 
above that demanded is gradually decreased as the governo! 
moves the gates toward the new position and a rise in speed o! 
the rotating parts takes place. This rise in speed actually make- 
the gates overtravel so that for a short time a deficiency of energ) 
is transmitted to the rotating parts, followed by another small 
amount of excess energy, after which the travel of the gates has 
become damped to the extent that equality is again established 
between rate of energy supply and rate of energy demand. 

In the case assumed, i.e., with the unit operating on an iso- 
lated load having no Wr?, the excess energy produced in the pen- 
stock must be balanced by the deficiency of energy, before the 
initial speed is re-established. It should be noted that, if ne 
governor adjustment is made, the speed of the unit will not re 
turn exactly to its initial value, but the final value of speed will 
be slightly higher, depending upon the load dropped and the in- 
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herent speed-drop setting of the governor. This can also be seen 
in Figs. 6, 10, and 11 of the paper. The speed rises to a maximum 
value at the end of time 7’, as shown in Fig. 15 of this discussion. 
This maximum is not reduced by the subsequent overtravel of 
the gates either for loads off or for loads on. The overtravel, 
however, brings the speed back approximately to the normal 
value, after the maximum speed is reached faster than would be 
the case with no overtravel. 

Fig. 15 (b) shows a similar load change with the introduction 
o ithe element of governor dead time, and indicates that dead 
time increases the excess energy which must be absorbed by the 
rotating parts and, therefore, results in a greater change in speed. 

Now, passing to the usual installation where a physical length 
of penstock and draft tube must be considered, as illustrated in 
Fig. 15 (c), the rate of change in energy transfer from runner to 
rotating parts is not uniform and, consequently, the turbine 
load plotted with respect to time is not a straight line. In fact, 
the power produced by the turbine actually rises at the begin- 
ning of gate movement and then decreases as shown. That part 
of the excess energy shown double-hatched in Fig. 15 (c) is caused 


Dy, 


Fic. 16 Same DiaGram as Fia. 15 (c), Excepr Governor Deap 
Time Is ConsipDERED TO BE ZERO 


by the water hammer, produced in the penstock and draft tube, 
due to the destruction of velocity, and may be a rather large per- 
centage of the total excess which must be absorbed. The speed 
of the isolated unit changes, as shown on the diagram. 

Now let us consider Fig. 16 of this discussion, which presents 
the same diagram as shown in Fig. 15 (c) except that the governor 
dead time is considered to be zero. The energy absorbed by a 
rotating mass in changing the speed from N, to N2 may be ex- 
pressed by 


Wr? 

5870 N,?) 
The expression 550 F Xd Pdt represents the total energy delivered 
from the water column to the runner during the gate closure and 
may be equated with the foregoing expression, representing the 
energy absorbed by the rotor. If the resulting equation is then 
solved, we obtain the following expressions for percentage of 
speed rise and percentage of speed drop. 


x 100 


Pdt 


Wr?. N;? 


Pdt 


Wr? - N;? 


Speed rise, percent = 


= 100 


Speed drop per cent 


= 100] 1 — 


It should be noted that these expressions contain the same 
Variables as the first equation given by the author but that the 
‘xpression is radically different in form. The question now 


arises as to how to evaluate the integral in these equations. 
For turbines with appreciable length of penstock, the evaluation 
of this integral depends upon the water hammer produced, the 
relation between runner efficiency and gate opening, the relation 
between runner efficiency and speed, and the rate of gate motion. 

For open-flume settings and where the load varies in a straight 
line with respect to time, the integral may be closely approxi- 
mated in the case of Francis runners by 


where HP = initial load in horsepower for speed rise and final 
load for speed drop 

Consequently, for open-flume settings, these relations become 
for Francis wheels 


1,614,000HP-T 
Wr? - 


Speed rise = 100] 


1,614,000 HP -T | 
Speed drop = 100 E 1 Wr | | 

In the case of Francis runners, the step-by-step method of 
calculation lends itself to the evaluation of this quantity, because 
the power input to the runner can be calculated for each small 
interval of time during the gate motion. However, for Kaplan 
turbines, as pointed out by the author, there may be a lag of the 
motion of the blades behind that of the gates, which changes the 
steady-state gate-opening-efficiency relationship and, conse- 
quently, the quantity considered cannot be evaluated for this 
type of turbine without determining the effect of the lag and 
other factors which influence the efficiency of energy transfer 
from the water column to the runner during the gate movement. 
Possibly this effect can be determined experimentally for a num- 
ber of Kaplan turbines and an average coefficient obtained. In 
the case of the Bonneville main unit, the writer attempted to do 
this for the full-load point on the curve of the author’s Fig. 4, 
and obtained the relation fo’ Pdt = 0.39 x HP-T. This 
showed, in the case of this particular Kaplan, that, even with 
some water-hammer energy present, less than 50 per cent of the 
energy represented by the product of HP and T was effective in 
speeding up the rotor during the load rejection. This means 
that the area under a straight-line curve of horsepower versus 
time represents too much energy transfer and shows the error, 
in one particular case, of the assumption made in deriving the 
approximate equation, i.e., a straight-line variation of these 
quantities during the transient. 

To compare a typical Francis speed-rise problem with that of 
the Kaplan turbine, the writer made some computations for a 
Francis turbine having about 690 ft of penstock and obtained 
the figure of 0.61 as the coefficient of the quantity (HP-T) in 
Equation [4]. This is of the right order because for an open- 
flume setting of a Francis turbine, it would be reasonable to ex- 
pect to obtain a coefficient of about 0.5. 

As a check on the rationality of the equations presented here, 
the writer determined the coefficient of the product (HP- 7’) in 
the case of the speed-drop problem of the Bonneville service 
unit shown by the author’s Fig. 3. A coefficient was determined 
by using the test data for a load of 5000 hp and then, since this 
unit had manually adjusted blades, the speed-drop points for 
75 per cent gate and 50 per cent gate were computed using this 
coefficient, but applying estimated values of power for the two 
gate positions. A curve of speed drop was obtained, which 
checked the experimental curve at the part-load points within 
about 2 per cent and the shape of the curve was thus much closer 
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to the test curve of Fig. 3 of the paper than that of the computed 
curve of Fig. 3. 

In conclusion it may be possible to apply the step-by-step 
method to Kaplan turbines by obtaining a graphic record of the 
movement of both the guide vanes and the runner blades during 
load changes and with the use of complete turbine characteristic 
curves, by evaluating the energy transfer from water column to 
rotor. As an alternative it may be possible to obtain average 
values of the coefficient as described for wheels of a given manu- 
facturer or of a given design for load rejections at say 100 per 
cent gate, 75 per cent gate, and 50 per cent gate and these data 
would enable one to predetermine the speed-rise power curve 
similar to Fig. 4 of the paper for any projected installation, know- 
ing of course the size of the unit, governor time, Wr’, etc. These 
suggestions are made in an attempt to apply a method of com- 
putation which takes into account the fundamental relations of 
energy transfer which take place during the load change between 
the penstock and the rotor. 


AUTHOR’s CLOSURE 


Mr. Mousson’s discussion substantiates the author’s conten- 
tion as to the advantage of admission of air to a Kaplan turbine 
during load rejection. Fig. 14 shows an alternate method used 
at Safe Harbor to prevent the secondary speed and gate swings. 
It is believed, however, that this method is not as good as that of 
air admission. The author knows of at least one occasion where 
one of the Safe Harbor units jumped from the thrust bearing 
during load rejection. Air admission would eliminate that 
trouble. It should be pointed out that air is injected under 
pressure at Safe Harbor, whereas atmospheric air would serve the 
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same purpose. In spite of about 15 ft of submergence of the 
runner, atmospheric air was readily taken into the No. 3 unit at 
Bonneville and produced speed-change diagrams during load re- 
jection exactly similar to those illustrated in Fig. 10 of the paper 
which were obtained on one of the Guntersville units. This is 
evidence that the secondary swings in speed which occurred on 
unit No. 1 were eliminated by the use of air on unit No. 3. It is 
believed that this answers Mr. Mousson’s question. 

Figs. 3 and 4 show speed drop as well as speed rise for load 
change on one of the Bonneville main units and on the service 
unit. Mr. Nagler states that there seems to be a definite lag in 
the ability of the water rheostat to pick up the load it had just 
dropped. The curves of Figs. 3 and 4 indicate somewhat les 
speed drop than was computed. There may be something in 
Mr. Nagler’s statement. However, this was about as close to 
instantaneous load on regulation as could be obtained on the 
tests. 

The author agrees with Mr. Roberts that it is highly de 
sirable to be able to vary the rate of blade and gate travel in- 
dependently. 

Mr. Strowger wants to attack the problem of speed change by 
computing the water-hammer energy during gate closure and 
adding it to the normal energy put into the runner during this 
period. He is, of course, quite right in this as the energy which 
produces speed change is the sum of these two minus the in- 
creased generator windage and friction. However, as pointed 
out in the paper, there is a variable lag in the blade movement 
in addition to the dead time of the governor. Lack of certair 
and definite information makes it difficult to apply Mr. Strow- 
ger’s method on Kaplan turbines. 
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Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine 


By R. V. TERRY,!' NEWPORT NEWS, VA. 


In this paper the design and testing of automatic ad- 
justable-blade-type propeller turbine models are treated, 
followed by an analysis and discussion of the model-test 
results. Four installations are described, aggregating a 
rated output of about 44,000 hp in five units. Operating 
experience and results with field units are considered. 
Mention is also made of further development work now in 
progress. In conclusion a summary is given of the prin- 
cipal features of this new type hydraulic turbine. 


INTRODUCTION 


HE idea of adjusting the pitch of the blades of hydraulic- 

turbine runners to suit the load is relatively old. Such a 

runner was described? in 1867. For about 25 years develop- 
ment has been in progress on the Kaplan adjustable-blade pro- 
peller type turbine. That type has reached a high degree of 
perfection in employing an oil-pressure system, associated with 
the governor-pressure system, to operate the runner blades in 
synchronism with the gates. From the many published articles 
on adjustable-blade turbines, the advantages of varying the 
pitch of the blades are well known. The principal advantages are 
as follows: 


(a) Increase in capacity above normal. 

(b) Sustained efficiency over the larger part of the load range. 

(c) Reduction of the minimum head at which the turbine will 
develop power. 

(d) Greater stability of operation, particularly at low and in- 
termediate loads. 


In 1928, the author began studies for an adjustable-blade type 
of runner wherein the blades would move automatically with 
changes in flow through the runner, as well as with changes of 
speed and head. It was his rather radical idea* so to pivot the 
blades with reference to their centers of pressure that they would 
tend to adjust themselves to the most efficient angle for each 
condition of gate opening and head for constant-speed operation. 


Tests 


Surprisingly satisfactory results were secured with the first 
models built and tested in 1930, which encouraged further experi- 
mentation. Other groups of tests have been conducted at in- 
tervals for the last 10 years. Altogether, more than 200 tests 
have been made on about 30 different models, using about 15 
sets of blades, some of which were altered as the test program 
progressed. The model tests were made on 16!/;-in-diam runners 
under heads varying from 9 to 12 ft, in the Newport News Hy- 
draulie Laboratory. 


‘Hydraulic Engineer, Newport News Shipbuilding and Dry Dock 
Company, Newport News, Va. Mem. A.S.M.E. 

JU: S. Patent No. 67,994, issued to O. W. Ludlow in 1867. 

U. 8. Patents Nos. 1,858,566 and 1,907,466. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN Socigery or MECHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


It was early found that the blades must be pivoted consider- 
ably ahead of their centers of area. In fact this was predicted 
from a study of the characteristics of airfoils and hydrofoils. 
In order that the blades might have a tendency to adjust them- 
selves automatically and with minimum operative moments, it 
was also found desirable to pivot them slightly ahead of their 
centers of pressure. This resulted in a tendency for the blades 
to open at all times, at least in normal operation at or near the 
best efficiency conditions. As the test program progressed, e¢er- 
tain definite trends and characteristics were found which in- 
fluenced subsequent designs. As the development gradually un- 
folded, unproductive leads were encountered, as well as new and 
desirable characteristics disclosed. 

It is assumed that those interested are somewhat familiar with 
turbine design and with some of the terms used in aeronautics 
dealing with airfoils. In Fig. 1 (upper left) is given typical veloc- 
ity diagrams for an average blade section. Diagram w, a, wi 
is for the inlet edge of the blade, while diagram tw, c, w2 is for 
the discharge edge. Terms w; and w, represent the respective 
velocities relative to the blade and we is the vectorial average of 
w; and w:. The function u; = uw is the tangential velocity of the 
blade. Terms c; and ¢; are the absolute velocities at inlet and 
discharge, respectively. 


Fia. 1 


TypicaL Section AND VELociTy D1aGRAMs 


A typical blade section is also shown in Fig. 1, with chord C 
and mean camber c. The angle of attack a is the angle the in- 
flowing water w; makes with the chord C. The center of pres- 
sure is shown at point y which is at distance n from the leading 
edge of the blade, measured along the chord. The pivotal axis is 
shown by point z which is at distance m from the leading edge of 
the blade. The equivalent total force on all the blades is repre- 
sented by F, while 7 represents the axial component of F or the 
hydraulic thrust. The “hydraulic moment,” tending to open the 
blades, is Fa, a being n—m. The hydraulic moment is balanced 
by a “reactive moment” Rb, tending to close the blades, produced 
by a balance piston in the runner hub acting on the blades with 
lever arm b, R being the total piston load. 

An analysis of tests on airfoils similar in shape to turbine blades 
shows that the distance of the center of pressure (point y in Fig. 
1) from the leading edge in proportion to chord length or n/C 
reaches a minimum value at a moderate angle of attack a, ap- 
proximately the most efficient angle of attack in the case of a 
turbine blade. The curve of n/C plotted against angle of attack 
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is fairly flat for several degrees variation in a from the value giv- 
ing minimum n/C. But on either side of that value the center of 
pressure travels downstream, Fig. 2. A further analysis of the 
characteristics of airfoils shows that the location of the center of 
pressure varies with the proportional mean camber c/C. This 
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Fig. 2) Typicat CHARACTERISTICS OF AIRFOILS 


variation has been found to be fairly accurately expressed by the 
formula 


n/C = 0.25 + 1.25 X ¢/C 


Thus, a blade section with a mean camber of 8 per cent would 
have its center of pressure located at 35 per cent chord, and 
should be pivoted at about 33 per cent chord. The proper cam- 
ber of turbine blades gradually decreases from the hub to the 
periphery with a resulting change in the location of the center of 
pressure. We are primarily interested in the location of the center 
of pressure of the blade as a whole rather than in its location for 
each individual section. It has been found more practicable in 
producing simple blade shapes to place the axis further down- 
stream near the hub and further upstream near the periphery, 
producing an over-all result as though detail considerations were 
given to pivoting each section upstream from its individual cen- 
ter of pressure. The runner blade is usually divided into four 
annular sections of approximately equal discharge and considera- Seer: SO ne 
tion given to the average result. SNA | 
Fig. 3 shows a typical runner model with six blades, while . 2 

Fig. 4 shows a sectional view of the model, and Fig. 5 a typical F \ c 

layout of a runner blade. 
As may be expected, it was found that blades in echelon, LOMB + t= 

\\ 


grouped around a common hub, and enclosed in a housing, do not ~——— 
act exactly as they de in the case of single airfoils tested in infi- — 
nite space. The echelon arrangement, together with the reac- 
tive nature of a turbine runner, tends to move the center of pres- 
sure somewhat downstream. This tendency has been found to 
increase with the camber, number of blades, and with blade width SecTIONAL View oF 16!/:INn. Test MODEL 
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or overlap. An idea of the degree of movement of center of pres- 
sure may be had from Table 1. 


Tests ror MopEL DEVELOPMENT 


The test procedure for developing a model was as follows: 

1 Design the blades, based upon data secured from previous 
tests and from the consideration of the characteristics of airfoils.‘ 

2 Test the model for speed, power, and efficiency at several 
blade positions, usually six, with the blades locked. 


‘Aerodynamic Characteristics of Airfoils—VI,’’ National Advisory 
Committee for Aeronautics, Tech. Report No. 315, 1929. 


TABLE 1 COMPARISON OF ADJUSTABLE-BLADE RUNNERS 
FROM TESTS ON MODELS 16!/2 IN. IN DIAM 


Relative blade camber -——— Normal — Small 
Specific speed, Ns.......... 160 140 120 120 
_ point, per cent of chord: 
At 24 27 30 21 
Mean camber, per cent of chord: 
Center of press, per cent of chord: 
31.0 34 37.0 30.5 
Discharge angle at periphery, deg... .. 14.5 16 18.5 18.5 
Chord angle at periphery, deg......... 17 19.5 22 21 
Hub diameter, per cent of outside 
wide (plan) + blade pitch: 
eg 0.77 0.88 1.00 0.91 
Blade area, per ‘cent of ‘annular ‘area. 95 114 128 117 
Head range (approx), ft............ 10-40 25-55 40-70 
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TYPICAL LAYOUT OF AN 
ADJUSTABLE RUNNER BLADE 


Typican Layout or AN ADJUSTABLE RUNNER BLADE 
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3 Unlock the blades so that they are free to assume a balanced 
position at different operating conditions. Calibrated springs 
with various amounts of compression are used to produce reactive 
moments tending to close the blades. 

4 Plot moment diagrams, one for each of several speeds, as 
illustrated in Fig. 6. 

5 Study the required reactive moments for best efficiency 
operation, best gate-blade relation, for each speed, and reduce 
them to a constant speed for variable-head operation. In ana- 
lyzing the moments, gravity effects are also considered. 

6 Put the model in automatic operation with a suitable re- 
active moment with the wicket gates under governor control, 
driving an electric dynamometer, to determine its behavior under 
starting and runaway-speed conditions, as well as under normal 
power-producing conditions. 

7 Finally, determine the movement of the center of pressure 
from the test data. This is done primarily from a consideration 
of the measured hydraulic moments and from the calculated 
thrust. However, some blades are tested with two locations of 
the axis and the center of pressure computed from the two sets 
of hydraulic-moment data. 


HYDRAULIC MOMENT TENDING TO OPEN BLADES-INCH LBS. 


4 9 10 


Fig. 6 Moment DiaGram From a Mopet Test 


From Fig. 5, it may be seen that the general shape of blades 
employed with these adjustable runners is quite simple. A 
cylindrical section approximates that of a portion of a parabola, 
with which uniform deceleration of the absolute whirl component 
of the water is theoretically obtained. The maximum camber is 
placed at about one third the chord distance from the leading 
edge of the blade. The face and back of the blades over most of 
their area are each produced by a system of straight lines (for 
horizontal sections) meeting at a common point, at the runner 
axis for the face and near the axis for the back. The blades are 
laid out for an intermediate angular position, usually for 60 per 
cent open position. The pitch is made uniform on each radial 
line. However, the inlet edge of the blade is extended at the hub, 
resulting in greater pitch at that point. Cambers much greater 
than those theoretically required from a consideration of velocity 
diagrams are selected to allow for the bending effect of the water 
streams before and behind the runner. 

As a result of tests to date the following general conclusions 
may be drawn: 

1 The blades tend to follow the gates, therefore tend to 
open as gates open and vice versa. 

2 With proper blade shape and pivoting, a reasonably con- 
stant reactive moment may be used for operation at constant 
speed at or near best efficiency, for the various gate openings 
and for varying unit speeds as the head is changed. 


| [DIAGRAM FOR ADJUSTABLE RUNNER SHOWING 
YORAULIC MOMENT 
TENDING TO OPEN BLADES 
BLADE POSITION AT VARIOUS GATE ANGLES Bae 
DIAM. RUNNER— SFT. HEAO— 600 R.PM. 
ANO BLADE POSITION. 


398 


3 At low unit speeds, high heads for constant speed, the re- 
quired reactive moment for best efficiency operation decreases 
somewhat as the load increases, that is, with a constant reactive 
moment, the blades move less than required for perfect syn- 
chronism with the gates. 

4 At high unit speed, low heads, the blades tend to move 
more than is required for the best gate-blade relation. 

5 When properly pivoted, the blades have a strong tendency 
to open when starting the wheel from rest. This tendency is 
greatest with 4-blade, and decreases with 5- and 6-blade runners. 

6 The blades have a strong tendency to open if the runner 
runs away at constant head. This effect is least with 4 blades 
and greatest with 6 blades. The hydraulic moment at runaway 
speed usually ranged from 4 to 5 times normal with the models 
tested. 

At the present stage of development, it is not considered prac- 
ticable or even possible to explain all the various characteristics 
by mathematics and hydrodynamics. The problem is too com- 
plicated, considering the numerous variables. However, a dis- 
cussion of a few concepts is perhaps in order. 

1 Why should the reactive moment required for best efficiency 
be fairly constant for varying loads and heads? To start with, the 
turbine drives an electric generator at a constant speed. The 
tangential velocity is relatively high compared with the variable 
axial velocity. The result is a fairly constant relative velocity 
Wa, which is the one that produces the predominant dynamic 
effect on the blades. For best efficiency under the various operat- 
ing conditions, the angle of attack is naturally about the same, 
resulting in approximately the same center-of-pressure location. 
A constant relative velocity, together with a fixed angle of attack 
and center of pressure, would, of course, create a constant hydrau- 
lic moment. 

2 Why should the moment increase as the gates are opened? 
As the gates open, the angle of attack increases. This causes a 
slight movement of the center of pressure downstream, and an 
increase in the normal force, resulting in increased moment. This 
change in conditions overbalances the reactive moment and the 
blades move open. However, as the blades move open, the angle 
of attack and normal force decrease and the center of pressure 
moves upstream until a new balanced condition is reached. 

3 Why do the blades open when starting the turbine? With 
the runner at rest the water from the gates impinges directly 
against the runner blades at a very large angle of attack. Under 
this condition the center of pressure is located well downstream 
with reference to the axis of the blade. Because the blade is 
stationary and the angle of water deflection large, the force on 
the blade, per unit volume of water and head, is relatively high. 
This results in a large opening moment that overbalances the de- 
signed reactive moment at a relatively small gate opening. With 
4-blade runners, the blade area is considerably less than the 
annular area between the hub and periphery. The blades of 
such runners have a very strong tendency to open when starting 
and the blades will go wide open. With 5-blade runners, and par- 
ticularly those with 6 blades, the overlap of the blades may be 
such that the leading edge of one blade obstructs the impinge- 
ment of water on the next blade. This results in less movement 
of the center of pressure and a smaller opening moment. Conse- 
quently, the blades of such runners do not open as much when 
starting. 

4 Why do the blades open when the wheel runs away? 
Under this condition two more or less opposing actions take 
place. One consists of a reduction in the angle of attack which 
tends to reduce the blade force and moment. The other consists 
of an increase in the relative velocity, which tends to increase 
the force and moment approximately as the square of that ve- 
locity or speed. The latter action is predominant, resulting in 
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rapidly increasing moment, particularly at the higher speeds. 
Here again there is a considerable change in characteristics as the 
number and overlap of the blades is increased. The opening 
tendency is stronger with the larger number of blades. 

Tests were also made to determine the effect of the shape of 
the throat ring below the axis on the power and efficiency char- 
acteristics as well as on the hydraulic moment on the blades. 
These included spherical, cylindrical, and intermediate shapes. 
As was expected, the spherical shape had an effect in moving the 
center of pressure downstream as the blades approached their 
open position. It was found better to make the ring cylindrical 
for 4-blade runners and somewhat curved for the 5- and 6-blade 
runners. At the higher specific speeds, it was found that, for a 
given diameter of runner, the reduction in power caused by 
spherical ring more than offsets any gain in efficiency at the larg- 
est blade angles. When efficiency was plotted against power, 
the curve for a cylindrical ring was slightly above that for a 
spherical ring near full load. At low and intermediate loads, no 
difference was found. 

The model tests have established a relation between the center 
of pressure and the axis of the runner blade which should direct 
attention to the advantages in utilizing the minimum force to 
move any type of adjustable-blade runner. When the blades are 
pivoted too far downstream, large moments are produced, par- 
ticularly at runaway speeds. If the axis of the blade is moved up- 
stream, closer to the center of pressure, the force needed to move 
the blades is smaller and the machine is safer from the stand- 
point of overspeed. However, without the use of antifriction 
bearings, there is a possibility of encountering the combination 
of blade-and-gate opening for maximum runaway speed and the 
generators have to be designed for such possibility. 

With the new type of adjustable-blade turbine and with the 
blades properly pivoted ahead of the center of pressure on roller 
bearings, the theoretical maximum runaway speed cannot con- 
ceivably be encountered. The maximum runaway-speed com- 
bination occurs at high gate opening with the blades nearly closed 
and may be from 2.3 to 2.5 times the normal speed, or even higher. 
With the blades allowed to open fully the runaway speed is held 
within 1.8 to 2 times normal, the overspeed for which standard 
generators are designed. Also the force required to move the 
blades is only a small fraction of that needed when the blades are 
not appropriately pivoted with respect to the center of pressure. 


INSTALLATIONS 


By 1934, it was considered that sufficiently satisfactory results 
had been obtained in the laboratory to justify an experimental 
field installation. Arrangements were made at that time with 
the Kanawha Valley Power Company to furnish a 14-ft 9in. 
adjustable runner instead of a fixed-biade runner at the Marmet 
plant®* near Charleston, W. Va. This unit was placed in opera- 
tion in 1935, and has been in continuous use since that time. It 
is rated 7600 hp under 23 ft head at 90 rpm and has developed 
about 8500 hp under that head. With the exception of the run- 
ner and a few minor differences, the adjustable-blade-runner unit 
is identical with the adjacent fixed-blade-runner turbine rated 
6600 hp. Two other turbines of essentially the same design have 
since been put into operation for the same company, one in 1937 
at the Winfield plant? rated 9150 hp at 26-ft head and one in 
1938 at the London plant, both near Charleston, W. Va. 


5 “Design Features of London and Marmet Hydro Developments,” 
by Philip Sporn and E. L. Peterson, Power Plant Engineering, Vol. 
41, 1937, pp. 80-87. 

6 “Automatically Adjustable Propeller Turbine,” by R. V. Terry: 
Power, vol. 81, 1937, pp. 97-99. 

7 “Design and Operating Features of the Winfield Hydro Develop- 
ment,” by Philip Sporn and E. L. Peterson, Power Plant Engineering, 
Feb., 1940, pp. 36-42, 46. 
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The Marmet turbine represented a rather large step-up in 
physical dimensions and power from the model, especially for 
equipment of such radical departure from past practice. The 
areas of the water passage were about 115 times and the power 
about 300 times thoseof themodel. A bladeof the Marmet runner 
isshown in Fig. 7, being machined in a 120-in. lathe. The general 
location of the blade axis with reference to the blade area is well 


Fig. ror 9-In. Marmet RuNNER 


Fie. 8 BaLancina ADJUSTABLE-BLADE RUNNER FOR THE 
WINFIELD PLANT 


illustrated. Another interesting feature illustrated is the rela- 
tively large size of the blade boss which is important in obtaining 
the proper strength of connection between the trunnion and blade. 
hi is made possible by the use of an integral labyrinth seal. 
Fig. 8 shows the Winfield runner being balanced in the shop 
and Fig. 9 shows a sectional view of the Winfield unit. 
With these three installations, the connection between the four 
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blades of the runner and the balance piston was of the rack-and- 
gear sector type, each rack being guided in two bearings. The 
eight rack bearings cause some friction which creates a lag in the 
blade position with reference to the wicket gates and results in 
some differences between increasing and decreasing loads, 
amounting to about 10 per cent in gate opening or about 3 deg 
in blade position. These differences are not considered important. 
Field efficiency tests of those installations were not made because 


26.6 


Fic. 9 View or 9150-Hpe Winrietp Unit 


of the difficulty of measuring the water accurately. However, 
the average blade position with respect to gate opening closely 
follows the best relation determined from the model tests. The 
power output plotted against gate opening approximates a 
straight line, which is a desirable characteristic. 

The fourth installation was made during the last year at the 
Austin Dam plant of the Lower Colorado River Authority and 
consists of two units, each rated 10,000 hp, 200 rpm, 61 ft head. 
Preliminary field-test results show a maximum efficiency of 92 
per cent. 


INSTALLATION AT AUSTIN Dam PLANT 


This installation may be considered typical and will be briefly 
described by reference to Fig. 10. The six runner blades are of 
cast steel with integral trunnions pivoted on roller bearings in a 
cast-steel hub. Each blade is pivoted on three roller bearings, 
two radial bearings, and a thrust bearing. The runner hub is 
divided into two compartments. The lower compartment, which 
is packed with grease, carries the bearings and blade-connecting 
mechanism. The upper compartment consists of a bronze-lined 
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cylinder to house the reactive piston, the integral stem of which 
projects downward through the lower compartment for connec- 
tion to the blades by spider, links, and levers. The hub is also 
provided with top and bottom covers of cast steel, the top one 
being arranged for connection to the shaft. The stroke of the 
piston and spider limits the travel of the blades to 25 deg. The 
piston rod is guided in two bronze-bushed bearings made equal 
in diameter so that the reciprocation of the piston will not 
create a pumping action on the grease in the lower hub compart- 
ment. The space under the balance piston communicates with 
the draft tube through ports in the piston hub, hollow piston rod, 
and ports in the lower cap of the runner. Reactive pressure on 
top of the piston, tending to close the blades, is supplied from 
the headwater, through strainers and a pressure-reducing valve, 
to the bearing housing, thence through radial holes in the shaft 
and downward through the hollow shaft. This supply is combined 
with the water supply to the rubber bearing. The pressure supply 
is maintained constant by the pressure-reducing valve, the ad- 
justment of which may be easily altered in the field as desired. 

Grease is supplied to the runner hub through a pipe connected 
internally to the piston rod and extending upward through the 
generator and turbine shafts. This pipe also actuates the blade 
position indicator which is mounted above the generator. The 
top end of the pipe is provided with a swivel connection for greas- 
ing the runner hub while the turbine is running. 

The runner hub is packed with grease during assembly. A 
heavy-bodied adhesive grease is used. It is expected that some 
water will enter the hub. This is, however, made difficult by the 
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use of the heavy-bodied grease and by the use of a labyrinth-type 
seal at the blade bosses. The roller bearings are of the 15 to 18 
per cent chromium type of corrosion-resisting steel with a Rock- 
well C hardness of about 55. 

In addition to creating the reactive moment, the piston in the 
upper part of the runner hub also serves as a very effective dash- 
pot. The inflow to and outflow from both sides of the piston must 
pass through restricted openings. This dashpot action helps to 
steady the blade movement as well as to limit the rate of movement. 

The mechanism in the runners of all installations is simple and 
rugged. The blades are pivoted only slightly upstream from their 
normal centers of pressure, approximately 1 per cent of the 
nominal diameter of the runner. During normal operation 
this results in rather small moments about the blade axes, and 
relatively small forces on the internal mechanism, tending to re- 
duce wear. The mechanism is, however, designed to carry 
forces about 5 times their normal value. This is done to provide 
for the larger forces which may occur during runaway speed 
and to take care of a hypothetical condition of having the total 
moments of all the blades concentrated on the mechanism of one 
blade. 

Externally, all units have the same general appearance as 
those employing runners with fixed blades. The generators, 
governors, shaft couplings, and external mechanism of the tur- 
bines are of standard construction. 


OPERATING EXPERIENCE 
The five units now in operation have been in continuous service 
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since installation of from 6 months to 5 years. No trouble of any 
consequence has occurred with any of these units. Highly satis- 
factory operating results have been obtained. All units govern 
very well. The three Kanawha Valley Power Company units 
are of the automatic type remotely controlled, and handle well 
under that type of operation. 

As proved by operating experience and as may be seen from a 
study of the model-blade moment diagram shown in Fig. 6, the 
blade movement with respect to gate movement is inherently 
stable. For a given reactive moment and head, there is a rather 
definite balanced position of the blades for each gate opening. 
When the gates are moved by the governor, the blades become 
unbalanced until a corresponding movement of the blades re- 
stores the balance. The blades do not overtravel because such a 
movement sets up a restoring moment. For slow movement of 
the gates during normal governing, there is enough friction in 
the blade mechanism to prevent unnecessary movement of the 
blades. For large changes in load in either direction, the blade 
movement follows the gate movement rapidly with very little 
lag. 

Perfect synchronism between gate-and-blade position, such as 
to result in the highest possible efficiency at all loads and heads, 
is not obtained. However, since blade adjustment is automatic 
for both head and load, the perfection of adjustment is con- 
sidered adequate. 

When any load up to full load is kicked off the unit, the blades 
close approximately as fast as the gates. This is a desirable con- 
dition of operation because, when the gates are closed, the run- 
ner tends to screw up in the water and thus to lift the entire rotor. 
The blades being in their flat or nearly flat position greatly re- 
duce the lifting effect. 

Lifting effect on shutdowns is also reduced by the admission 
of air through the crown plate. It is customary to provide each 
unit with two rather large air valves of different types. One is of 
the check type which is forced open by an adjustable cam as the 
gates close. That valve takes air through a pipe from the out- 
side of the powerhouse and is also used for venting the turbine 
during normal operation under load at low gate openings. The 
other air valve is a spring-loaded check, taking air from the 
turbine pit, and is adjusted to open at about 15 ft of water 
vacuum. It opens only when the dropping of load produces a 
high vacuum under the crown plate. 

With the air valves in operation and the runner blades reaching 
their closed position almost simultaneously with the gates, a 
highly satisfactory shutdown results. Practically no bump can 
be felt from the top of the turbine or generator when full load is 
dropped. 

The turbine runners and throat rings have proved to be re- 
markably free of pitting from cavitation. This rather gratifying 
experience is attributed to several factors. The models were 
subjected to extensive cavitation studies. The runner blades are 
of simple curvature. The position of the gates and the sectional 
curvature of the top of the throat ring were selected so that the 
gates do not project over the curved part of the ring when in 
their full-load position. This tends to reduce inflow vortexes and 
to produce a more uniform velocity distribution. 


DEVELOPMENT WORK IN PROGRESS 


Additional studies and experimental work are in progress with 
a view toward further improvement and toward the extension of 
the upper head range. This also includes additional cavitation 
studies and further studies toward improvement of mechanical 
details. 

Among the improvements in mechanical details might be men- 
tioned the arrangement, shown in Fig. 11, for the automatic ad- 
mission of free air to the draft tube at the runner cap. This is for 
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the purpose of giving smoother operation in cases where the 
water leaves the runner with a considerable whirl. Such an ar- 
rangement is advantageous in preventing vibration in the case 
of runaway speed or operation at greatly reduced heads, high 
values of unit speed. Whenever a vortex forms at the runner 
cone in the center of the draft tube, a vacuum is produced, even 
with high tail water, such as to suck in free air through the 
tubular passages in the piston rod and turbine shaft. These 
passages terminate with check valves near the upper end of the 
turbine shaft. The check valves are adjusted so that they will 
admit air to the draft tube only when a strong vortex occurs at 
the runner cone. 


ConcLUSION 


In conclusion, a summary of the principal features of the new 
type of hydraulic turbine may be given as follows: 


1 Blade-operating mechanism is entirely separate from the 
governor oil-pressure system and is controlled by the turbine 
water supply. No extra governor equipment is required and all 
oil pipes are eliminated. 

2 Blade-adjusting mechanism is concentrated in the turbine 
proper, reducing interdependence of turbine, generator, and 
governor design. 

3 Turbine and generator shaft couplings are of standard con- 
struction, the same as for fixed-blade turbines. G 
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4 For normal blade adjustment, forces and moments re- 
quired to actuate the blades are a minimum due to location of 
pivot point and use of roller bearings. 

5 Blades open when starting turbine, tending to protect the 
main thrust bearing. 

6 Blades open at runaway speed, appreciably reducing over- 
speed and cost of generator. 

7 Use of heavy grease in hub versus heavy oil. 

8 Inherent tendency for blades to adjust themselves to the 
condition of operation. 

9 Blades follow gates rapidly on quick shutdowns, greatly 
reducing lifting effect and forces on the blades. 

10 Provision for automatic suppression of vibration with 
free air in the case of overspeed. 


Discussion 


C. 8. Apams.’ The information contained in this splendid 
paper is evidence in itself of the great contribution that has been 
made to the progress of hydraulic-turbine design by the author. 
The amazing ingenuity of the inventive engineer should not be 
permitted, however, to overshadow the tremendous amount of 
mental and physical energy which has been expended by this 
man and his associates throughout the last 10 years in order to 
develop and perfect the original conception of the Newport 
News type of automatic adjustable-blade propeller turbine. 

It was the writer’s opportunity and pleasure, when serving as 
designing engineer for the Lower Colorado River Authority 
under Clarence McDonough, general manager and chief en- 
gineer for the Authority, to have been permitted to study the 
development of this turbine through the laboratory stage; 
to have viewed the first commercial installations on the Kanawha 
River in West Virginia; to have designed the Austin hydroelec- 
tric power plant around the two most powerful of these turbines 
yet built; and to have installed these two turbines and to have 
placed them into successful operation. Through each of these 
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stages of development and application, the hydraulic engineer 
ean find that this water-operated automatic adjustable-blade 
turbine has definitely proved a successful reality. 

The writer will endeavor to sketch briefly some of the items of 
special interest which concern the designer, constructor, and 
operator of power stations that embody this new type of turbine 
as wellas to present a few brief facts relative to the Austin instal- 
lation. 

The invention of the Newport News type of adjustable-blade- 
propeller turbine has furnished the designing hydroelectric engi- 
neer with another useful tool which can be applied advantage- 
ously to assist in the solution of problems that occur in the de- 
sign of hydroelectric power systems where the conservation and 
the efficient use of water in the system must be effected to the 
utmost. The Newport News turbine permits a simple, neat, 
compact, and relatively inexpensive installation to be provided 
at hydraulically proper locations in order to supply energy and 
power to small “off-peak’”’ loads with a relatively high over-all 
plant efficiency. 

To cite a practical application, each of the two Austin turbines 
is rated at 10,000 bhp at 200 rpm under a net head of 61 feet. 
This 20,000 bhp of adjustable-blade propeller turbine is an effec- 
tive part of the Lower Colorado River Authority’s total of 175,000 
bhp which is now installed in four hydroelectric power plants 
on the Colorado River of Texas. In the ultimate design of this 
system, it was considered necessary to install the 20,000 bhp of 
adjustable-blade turbines at Austin so that the 155,000 bhp of 
Francis turbines along with over 2,000,000 acre-ft of firm water 
storage could be so correlated and coordinated that the over-all 
operating efficiency of the entire system under commercial 
loads could be at the highest possible value. A thorough study 
of the entire project with respect to hydrology, reservoir char- 
acteristics, and commercial power sales disclosed the definite 
necessity for an adjustable-blade installation. 

The physical conditions at the Austin site rendered the in- 
stallation of power machinery difficult. An unusually high tail- 
water condition during floods and the long length of spillway 
required for the dam in order to accommodate flood flows, cou- 
pled with the fact that the entire power plant had to be placed in 
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the channel of this major stream, made necessary the most com- 
pact installation that could be developed. Figs. 12 and 13 of 
this discussion, showing the transverse and longitudinal cross- 
sections through the power station will enable this compactness 
to be observed. 

The Newport News turbines lent themselves admirably to a 
neat and compact setting. An important factor in this par- 
ticular power-plant design, in so far as the entire system was 
concerned, was that the demand capacity obtainable with the 
given diameter of runner was at a maximum with the adjust- 


able-blade type. The design also permitted the use of 60,000- ° 


ft-lb torsional gate-shaft Woodward hydraulic governors in a 
pleasant-appearing cabinet form, as may be seen in Figs. 14 
and 15 of the interior of the powerhouse, and a minimum of 
space was required on the generator-room floor and in the turbine 
pits for the governing installation. 

The model tests on the Newport News runner revealed that 
both a lesser runaway speed and a lower starting hydraulic thrust 
existed on this type of runner than on the Kaplan type of corre- 
sponding characteristics and size. These features resulted in a 
saving in the electric generators together with an improvement in 
operating conditions. The author in pivoting each of the runner 
vanes slightly upstream from its center of pressure, has permitted 
these favorable characteristics to become innate properties of 
this turbine. 

The incorporation of these turbines into the detailed design 
of the Austin power station entailed but slight additional difficul- 
ties, as compared with the Francis type or the fixed-blade-propel- 
ler type of turbines. The provision for the supply of water to the 
blade-actuating mechanism is essentially the only additional 
service that must be supplied. The governors and generators 
are essentially the same as they would be for fixed-blade units, 
although a hollow generator shaft is required for operating the 
blade position-indicating device atop the direct-connected ex- 
citers and for the admission of grease into the hub of the runner. 

The installation of the Austin hydraulic-turbine units pro- 
ceeded without delay. The assembly and, consequently, the 
dismantling of the units is a relatively simple operation and, 
since the runners were completely assembled in the shop prior 
to the field installation, a minimum amount of field-assembly 
work was required. No more working space in the powerhouse 
was required for erecting or dismantling these complete generating 
units than for comparable fixed-blade units. The governors were 
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14. INTERIOR View or AusTIN PowERHOUSE, SHOWING ToR- 
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Fie. 15 ANoTHER VIEW IN THE Power PLANT SHOWING THE Two 
10,000-Bup Hyprautic TuRBINES 


shipped completely assembled in their housings, and it was only 
necessary to set them upon their anchor bolts and connect the 
servomotor connecting rods to the torsional gate shafts. 

After the two units had been installed, a short operating period 
for each unit at about one-half rated speed enabled the Kingsbury 
thrust and guide bearings of the umbrella type on the Westing- 
house generators and the water-lubricated rubber guide bearings 
of the turbines to be “run in” and to determine that the units 
were physically completed and also properly installed and serv- 
iced. At the end of this “run-in” period, each of the units 
was loaded with a water rheostat in order that it might be put 
through a vigorous and thorough mechanical testing before 
being placed into commercial operation, and in order that the 
operation of the runners could be observed and adjusted to insure 
performance characteristics comparable with those of the final 
laboratory model. 
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Load was applied to each generating unit in increments of 
about 1000 bhp; the unit was operated for about 5 min, then 
the circuit breaker was opened to remove the load; and the 
governor closed the regulating gates at the rate of 3 sec for a 
full gate stroke. As the units were started up after each run and 
as loads were increased to a maximum of 5 per cent above the 
rated capacity, it could be noticed that the blades opened almost 
to the fully open position, just as the regulating or wicket gates 
began to open, but the blades then closed slowly to the proper 
position. When the unit was disconnected from the bus, the 
blades closed at almost the same instant that the 3-sec governor 
closed the regulating gates. The quick-opening characteristic 
lessened the hydraulic thrust on the main bearing caused by the 
inrush of water on starting the unit, whereas the quick-closing 
characteristic denoted the sensitivity and fine mechanical bal- 
ance of the individual vane bearings and linkage mechanisms 
for each of the six runner vanes of the 102-in-diam runner. 

After the thorough initiation and adjustment with the aid of 
the water rheostat, the two units were placed in commercial 
operation on April 1, 1940. Although the flywheel effect or WR? 
of the Austin generator and turbine rotors is small and the fly- 
wheel effect of the rotating machinery of the connected loads 
is not great, the generating units governed perfectly. The 
units governed so well that the frequency-controlling equipment 
for the entire system will be moved to the Austin power plant. 
The Austin plant also serves as the dispatching point for the 
distribution of power to the Authority’s customers which include 
the Texas Power and Light Company, Houston Lighting and 
Power Company, San Antonio Public Service Company, the 
City of Austin, 3500 miles of rural-electrification lines, and the 
Authority’s own power district which is approximately the same 
area as the combined states of Massachusetts, Connecticut, 
Rhode Island, and New Jersey. 

These two units have now been operating satisfactorily and 
continuously for 8 months. Outside of an occasional replace- 
ment of breaking pins on the wicket-gate mechanism, the units 
have functioned perfectly and on occasion have operated con- 
tinuously at full rated load for a period of two weeks. 

In July, 1940, each of the turbines was given a thorough pre- 
liminary field test in order to determine its performance char- 
acteristics. The Gibson method was used for determining the 
quantity of water used at each test point and all observations and 
computations were made essentially in conformance with the 
A.S.M.E. Power Test Code for Hydraulic Prime Movers. The 
units were tested between 9 a.m. and 8 p.m. with commercial 
loads. A reasonably flat horsepower-efficiency curve was ob- 
tained for each unit, but the author considered that the char- 
acteristic curves could be improved to conform more closely 
with the model curves by making a minor alteration to the 
pressure-regulating device which actuates the servomotor piston 
of the vane-position mechanism. This minor alteration has now 
been made and the load versus blade-angle relationships for each 
Austin turbine corresponds with those of the homologous adjust- 
able-blade model over the entire range of load. The turbines 
will be given a final test in the near future in order to determine 
their performance curves. 

The maximum over-all efficiency of one turbine, as determined 
from the preliminary field testing, occurred at 85 per cent of the 
rated capacity at a value of 92 per cent, whereas, the other tur- 
bine attained a peak efficiency of 90 per cent at 85 per cent of the 
rated capacity. The mechanical operation, the balance of the 
units, the functioning of bearings, and the operation of the com- 
plete generating units, as revealed during the field tests are all 
considered at or even above par with the other modern hydraulic- 
turbine installations at the Authority’s power plants. 

With the development, success, and the experience gained by 
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the author in the design, manufacture, installation, and opera- 
tion of the existing automatic adjustable-blade turbines, the 
hydraulic-turbine field should now be clear for the production of 
larger-capacity wheels of the same type. It is anticipated, more- 
over, that the talents and energies which have been utilized in the 
development of this successful invention will enable further ad- 
vances to be made in the hydraulic-turbine as well as in related 


fields, 


F. NaGcier.’ The author deserves a great deal of credit, 
as much for initiating a new policy of engineering presentation 
as for the extremely interesting type of turbine development 
indicated. In past years, few engineers were either willing or 
free enough from commercial considerations to be entirely open 
with engineering uncertainties, field troubles, and the like, to 
permit that frankness on which the most rapid progress may be 
realized. 

The magnitude of the actual installations described in this 
paper is particularly noteworthy. The writer and J. F. Roberts 
did some work on automatically adjustable blades during the 
early ’20’s. This work attempted to get around the influence 
of variable friction, by hanging the blades on knife-edges instead 
of letting them revolve in the bearings. The idea was that they 
would be positioned by a combination of centrifugal force and 
water flow. The work was discontinued because of assumed in- 
surmountable obstacles connected with weakness of structure 
and the wide variables introduced by changing friction, by vari- 
able-velocity conditions as the head changed, and, of course, 
by the variable velocity and direction imposed by guide-vane 
operation. The author, apparently, has worked out a feasible 
solution of these major difficulties. 

It would be appreciated if the author would comment a little 
further on the life of the antifriction bearings on the runner- 
blade pivots. We know that tremendous forces exist on these 
blades; forces, as pointed out in a paper'® by J. D. Scoville, of a 
magnitude sufficient to lift the entire rotor of generator and tur- 
bine. These forees come practically as a blow, Fig. 9! in the 
Scoville paper. 

In a current paper’ H. Styri brought out the point that, to 
insure commercial life of any ball or roller bearing, there must 
be an oil film present between roller and race. It is probably 
not particularly difficult to maintain such a film for a bearing 
that rotates, but the bearings in the hub of the runner are 
practically stationary throughout their life. The writer would 
expect certainty of breakdown of the oil film and inevitable 
peening action under such conditions. Undoubtedly, the field 
experience to date is the most effective answer to a question as 
to life of antifriction bearings under this duty. Further com- 
ment from the author on this point would be appreciated. 

When a piston interconnecting and influencing the position of 
the blades is added, as shown in Figs. 9, 10, and 11 of the paper, 
and external control of the pressure behind that piston taken 
outside the shaft, are we not approaching closely an externally 
adjustable blade, the connection of which to the guide-vane mo- 
tion would require a relatively minor addition in the form of 
links or cams? 

It would be exceedingly interesting, if the author would show a 
comparison between the shape of the efficiency curves of the 
automatically adjustable-blade construction, and the Kaplan 
and the fixed-blade types. 


® Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, Canada. 
Life Member A.S.M.E. 

10 “Speed Regulation of Kaplan Turbines,’ by J. D. Scoville, 
Trans. A.S.M.E., vol. 63, 1941, pp. 385-394. 

| Ibid, Fig. 9, p. 389. 

12 Torque in Ball and Roller Bearings,’’ by H. Sty”, 
Mechanical Engineering, vol. 62, no. 12, December, 1940, p. 886. 
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The use of air valves, as applied to this type of construction, 
is of particular interest to the writer since, at the time of pres- 
entation of this device,’ but slight attention was paid to its 
utility. Several major field accidents would have been pre- 
vented had this device been adopted more generally. This is 
particularly true on the axial-flow types of turbines, where such 
positive uplifts as are reported by Scoville'® are encountered. 
There are some instances reported of uplift with the Francis 
turbines, but the writer has not personally observed them. It 
would be of interest if the author would comment on this particu- 
lar feature. 


J. F. Roperts.'* The description in the paper of the various 
tests and model and field experiments which have gone into 
developing the automatic adjustable-blade-type propeller tur- 
bine is both interesting and enlightening. The results should be 
very gratifying to the author and should result in a real saving 
to the users of this type of turbine. 

The author’s remarks concerning the use of air valves are in- 
teresting. The writer has always been a strong advocate of 
ample size of air valves, both for fixed- and adjustable-type pro- 
peller turbines and for Francis turbines. The point where the 
air is admitted to propeller-type runners has been found quite 
important and, in several cases, a change in the point of air ad- 
mission has resulted in a material improvement. The writer 
has found that, if the air is admitted to a propeller turbine at the 
lowest point in the head cover, just above the top of the runner 
hub, the greatest benefit can be secured. In two cases it was 
found possible to get air into the turbine at the lower point when 
it would not take in air near the upper part of the head cover, 
due to a positive pressure existing at that point. 

It has also been found unnecessary to use a cam or linkage to 
open the air valve at definite gate openings and close it at other 
gate openings since, both on Francis- and propeller-type tur- 
bines, the air is apparently beneficial whenever a vacuum exists 
which is sufficient to draw the air into the turbine. By providing 
the air valve with a light spring-loaded check valve so that it 
will close at zero pressure and prevent water from flowing out of 
the valve, but will open whenever a vacuum of | or 2 in. of mer- 
cury exists, the use of cams connected to the gate mechanism 
ean be eliminated and better results obtained under both varying 
heads and varying gate openings. 


J.D. Scovitte. The author’s turbine is called an automatic 
adjustable-blade propeller, the blades moving to a new position 
as the gate opening is changed because of inherent characteristics 
of the runner. This is distinguished from the ordinary Kaplan 
turbine in which the blades are moved by an oil-operated servo- 
motor, controlled by the gates. This might be called a control- 
lable-piteh propeller. 

There are certain differences between the two types which 
should be pointed out. The author states that, when the gates 
are opened on the automatic adjustable-blade turbine, the blades 
go to a large angle which make starting easy. On the control- 
lable-pitch propeller, the blades are normally in their flattest 
position on starting, so that one would expect a large gate-open- 
ing requirement to start the unit. Such is not the case. Usually 
10 to 15 per cent is sufficient. The unit reaches synchronous 
speed at about the same opening. 

As the gates open further on the automatic adjustable-blade 


'8“Operation of Hydro-Electric Units for Maximum Kilowatt 
Hours (The Turbovent),” by F. Nagler, Engineers and Engineering, 
vol. 42, 1925, pp. 148-156. 

' Principal Mechanical Engineer, Tennessee Valley Authority, 
Knoxville, Tenn. Mem. A.S.M.E. 

© Assistant Chief Engineer, S. Morgan Smith Company, York, Pa. 
Mem. A.S.M.E. 


propeller, the blades follow. When the gates open on the 
controllable-pitch propeller, a cam on the gate shaft or connected 
to the gate servomotor controls the blade position. The shape 
of this cam is determined by index tests in the field so that the 
blades are moved positively to the best position. As the head 
changes, a new blade-gate relationship is required. This altera- 
tion can be taken care of by an adjustment in the cam position 
which requires only a minute or so, the turbine remaining in 
normal operation. 
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Fic. 16 Curves RELATION BETWEEN Loap CHANGES AND 
DISCHARGE OF CONTROLLABLE-PITCH PROPELLER 


The blades of a controllable-pitch propeller can be moved as 
fast as the gates for load changes. It is desirable, however, to 
restrict the closing of the blades. The reason will be evident 
from Fig. 16 of this discussion. If the load changes from 1 to 2 
the discharge changes from a to c, if the blade-closing time is 
very slow, but from a to d if the blades close as fast as the gates. 
Therefore, the pressure change is correspondingly less. This is 
an advantage in a plant with a relatively long penstock. Usually 
the controllable-pitch propeller is so adjusted that the blades 
close in about 60 sec, so that, during a load reduction, it is in 
effect a fixed-blade runner. 

If the controllable-pitch propeller runs away, the maximum 
theoretical speed will be reached with the blades in a relatively 
flat position and the gates wide open. It is only possible to ob- 
tain this condition if the blades are deliberately blocked at the 
flat angle. Even if the oil pressure fails and the gates open for 
some reason, the blades will open because of the unbalance, 
which the author points out. The opening tendency of the 
blades on the Bonneville units at runaway speed Was about 4 
times the force required to open the blades at normal speed. 
This means that the runaway speed of the controllable-pitch 
propeller cannot reach the theoretical maximum. 


R. E. B. Sxarp.'® The Terry automatic adjustable-blade- 
propeller turbine presents a definite and valuable contribution 
to turbine design and to date turbines of this type have given a 
satisfactory account of themselves. The study and experiments, 
which the author has made on the hydraulic moments acting on 


16 Chief Engineer, I. P. Morris Department, Baldwin Southwark 
Division of The Baldwin Locomotive Works, Philadelphia, Pa. 
Mem. A.S.M.E. 
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runner blades, represent a valuable contribution in connection 
with the design of the adjustable-blade-propeller turbine, whether 
of the Terry type or of the usual Kaplan adjustable-blade- 
propeller turbine. 

There is one factor, however, which the author does not men- 
tion, but which does have an effect on the net hydraulic moment 
acting on runner blades, and that is the centrifugal force acting 
on the blades. 
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Fie. 17 RevativE Power DeveLopep BY KAPLAN AND TERRY 
Desiens at Less THAN NorMat Heap 


Referring to the plan view of the author’s Fig. 5, all particles 
in the blades are acted upon by centrifugal force which has a 
component tending to flatten them. The moment caused by 
this component is of course greatest at runaway speed. How- 
ever, the net force mentioned by the author, namely, that result- 
ing from a reduction in the angle of attack and that resulting 
from the increase in the relative velocity, increases at a greater 
rate than the centrifugal-force moment. The result is that, 
with this design of blade, the net moment is greatly increased, 
tending to open the blades. 

When adjustable-blade-propeller turbines are operated at 
less than normal heads, the Kaplan type of turbine, with the 
blade-gate relation positively established by a cam, develops 
greater power than with the author’s design; Fig. 17 of this dis- 
cussion indicates this condition. 

The curve marked No. 6 blade position represents the maxi- 
mum power that can be developed in the steepest blade position 
for this particular runner. Similarly the curves marked No. 4 
and No. 2 blade positions represent the maximum power which 
can be developed with the blades set in these flatter positions. 
It is noted that at 30 per cent of the normal head, for instance, 
the unit power developed for the No. 6 blade position is 0.15, 
whereas, for a flatter blade position, as read from the envelope, 
the maximum unit power is 0.315. This condition approaches 
the runaway-speed condition where the author’s blades tend to 
take up their steepest blade position or angle. In order, how- 
ever, to develop the maximum power possible from the unit, it is 
seen that the blades should be definitely brought to a flatter 
pesition. 

It is the writer’s experience, based on comparative tests, that 
a better performance as regards cavitation and maximum output 
obtainable are secured by having the blade axis located farther 
downstream than is indicated in the paper. This is due to 
reduced clearance between the throat ring and the runner blades 
in the vicinity of the trailing edge being secured with the axis so 
located. While this does increase the capacity required of the 
blade servomotor, it is considered desirable. 

The greatest factor in determining the capacity of runner-blade 
servomotors of Kaplan turbines is the friction in the runner-blade 
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mechanism in the hub. A minimum amount of friction is there- 
fore quite desirable on that type of turbine and the use of anti- 
friction bearings in Kaplan hubs would of course accomplish this 
result to a very great degree. The inevitable entrance of water 
into the hub at some time or other, however, dictates that these 
bearings should be of the stainless-steel type, such as the author 
employs. The slow oscillating movement of the runner blades 
with a turn of not more than 30 deg, with indefinite more or less 
stationary periods in conjunction with the live character of the 
load, tends to cause Brinelling or local strain hardening or 
grooving action on the races which, in the writer’s opinion, has 
made the use of this type of bearing questionable, particularly 
in view of the present inability of bearing manufacturers to ob- 
tain a satisfactory stainless antifriction-bearing material. 

The author has naturally employed bearings of ample propor- 
tions and liberal ratings. However, the writer would be inter- 
ested in knowing whether any of these bearings has been ex- 
amined after extended field use and whether the lag mentioned 
in connection with the Winfield turbines can be ascribed to pos- 
sible grooving of the races. The continued absence of friction 
is of course essential to the Terry design as a friction increase 
aggravates the lag between the exact position desired and that 
actually secured, 

One of the interesting features of this turbine, as the author 
points out, is the tendency of the blades to open to their steepest 
angle at runaway speed, with consequent reduction in the run- 
away speed reached, as compared with what would be reached 
with a flat blade angle. Under normal conditions, the blades 
both of the Terry turbine and the conventional Kaplan turbine 
move to their steepest blade positions if the gates open wide under 
runaway-speed conditions. 

It is a common practice among Kaplan designers to assume 
that the cam relation might be destroyed and the runner blades 
might conceivably be in the flat position with the maximum gate 
opening causing high runaway speed. For this to happen how- 
ever a very remote chain of circumstances would have to exist. 
Nevertheless, it is considered sound engineering to assume that 
they might exist. 

It appears to the writer that the mechanism of the Terry tur- 
bine might prevent the blades from taking up their steepest 
position during runaway, due possibly to the jamming of one 
of the blade links or other parts of the hub mechanism, or the 
malfunctioning of the pressure-reducing valve, controlling the 
servomotor pressure. Therefore, with the Terry turbine no 
less than with the Kaplan, it appears desirable to allow for the 
maximum possible runaway speed with the flat blade position, in 
view of the possible destructive results should this condition 
not be provided for. 


AvutuHor's CLOSURE 


Several of the discussers raised questions regarding the power- 
efficiency characteristics of this type of turbine. The Austin 
dam units were field-tested in January, 1941, according to the 
standards of the 1938 A.S.M.E. Test Code for Hydraulic Prime 
Movers. The discharge was measured by the Gibson method. 
The results of these tests on one unit are shown in Fig. 18 of this 
closure, in comparison with the results of tests made at several 
blade positions on a 16'/;-in. model under 12 ft head in the hy- 
draulic laboratory of the author’s company. It will be noted 
that the efficiency curve is quite flat, being above 90 per cent for 
about 62 per cent of the load range. The maximum efficiency 
obtained was 93 per cent. The average efficiency from the 20 
individual test points, within the guaranteed range of from 4000 
to 10,000 hp, was 91.6 per cent. The author believes that these 
test results are at least equal to any that have been obtained with 
turbines of the adjustable-blade type. 
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Mr. Adams’ discussion, relating to the installation and opera- 
tion of the Austin turbines is gratifying, particularly that part 
dealing with governing and system-frequency control. 

Messrs. Nagler and Sharp raise questions in regard to the serv- 
ice and life of the stainless-steel roller bearings employed in 
the runner hub. The estimated loads, the bearing manu- 
facturer’s ratings, and other data on the several bearings of the 
Austin runner are given in Table 2. 


TABLE 2 AUSTIN RUNNER ROLLER BEARINGS 


Outer Inner 
radial radial Thrust 


Bore of bearing, in.............. 9.00 5.00 8 
Outside diameter of bearing, in. 14.50 8.25 12 
Bearing length, in. 2.75 32.190 2 
Diameter and length ‘of rolle rs, ‘in. X 3/4 X 
13/3 
Number of rollers... . . ; 26 21 26 
Estimated load, Ib... ... $1,000 51,000 30,500 (Normal speed) 


122,000 (Runaway speed) 


Rated load (2 rpm), Ib.......... 109,500 55,400 125,900 


The rated loads are based on a speed of 2 rpm, whereas, the 
actual service approaches a static condition under which the 
ratings would be somewhat increased. The ratings are also 
based upon a specified minimum of 52 Rockwell C hardness, 
whereas, the actual hardness is about 55 Rockwell C. That 
change in hardness increases their actual capacity from 70 to 
about 90 per cent of the capacity of carbon-steel bearings, an 
increase of about 28 per cent. 

The life of the bearings for this service is not definitely known. 
Although the aggregate service of the five units installed is about 
15 years, there has been no occasion to dismantle a runner for an 
examination of the internal parts. If the life of the bearings 
should prove less than expected, bearings of 25 to 30 per cent 
higher capacity are now available, interchangeable with the pres- 
ent bearings. That change in capacity would give ‘a theoretical 
increase of life of from 50 to 75 per cent. A still greater factor 
of safety or longer bearing life may be obtained by the use of 

“quill-type” inner bearings or by employing a slightly larger 
diameter of runner hub. To date, there has been no indication 
pointing toward bearing failures. 

The seventy-two bearings used in the five units in operation 
were all supplied by one bearing manufacturer who has co- 
operated in making this new application practicable. The ma- 
terials used are of a commercial quality which appears to be 
quite satisfactory. The service required of the bearings is, in a 
way, somewhat crude as compared with that ordinarily required 


of bearings on high-speed machinery. It is the author’s opinion 
that the bearings for this service will prove satisfactory for a 
much longer period, proportionately, than with most applica- 
tions of antifriction bearings. 

It would appear that roller bearings are inherently more suit- 
able for adjustable-runner application than are the plain bronze- 
bushed bearings. Since the axial length of the roller bearings is 
short, the loads are uniformly applied and the unit loads may be 
readily computed. With the much longer plain bearings, the 
already high average unit pressures are greatly increased by 
pressure concentrations due to deflection. While seizure of the 
plain bearings has not been common, a number of seizures have 
occurred, which condition constitutes somewhat of a problem. 
It is believed that any problems which may arise with the roller- 
bearing applications can be more readily solved than in the case 
of plain bearings. 

The waterproof grease used in the runner hubs is extremely 
tenacious, which, together with the slight angular movement of 
the bearings, should insure retention of a good lubricating film 
on the rollers. Reverse loads occur on the radial bearings when 
the wicket gates are closed with the turbine running. How- 
ever, these loads are kept below the normal loads by the admis- 
sion of air as described in the paper. The reverse loads do not 
occur as a blow, but rather change somewhat rapidly as the gates 
are closed from the speed-no-load to the fully closed position. 
The time interval is short but it is ample to prevent any action 
which might be termed a blow. 

In general, the author agrees with the comments of Messrs. 
Nagler and Roberts in regard to venting turbines by air admis- 
sion at certain gate openings and on shutdowns. Considerable 
venting of all types of reaction turbines is highly beneficial at 
low gate openings. Some venting of all fixed-blade turbines 
at intermediate loads up to nearly the point of best efficiency is 
also beneficial. From the standpoint of efficiency, venting at 
and beyond the point of best efficiency is ordinarily question- 
able, but a moderate amount of air is often used to alleviate the 
effects of blade and vortex cavitation. Venting becomes of in- 
creasing importance at values of the peripheral coefficient ¢ 
above its best efficiency value, as when operating under reduced 
heads. With adjustable-blade runners at normal values of ¢ a 
pressure usually exists under even the lower part of the head- 
cover cone over practically the entire load range, that is, down 
to very low gate openings, making it impractical to admit atmos- 
pherie air. A pressure lower than atmospheric may sometimes 
be produced by employing lips upstream of the vent openings. 
On future turbines, it is proposed to employ a scheme for venting 
the draft-tube vortex in a manner similar to that shown in Fig. 
11 of the paper. The use of a small amount of compressed air has 
been found beneficial on certain turbines to alleviate blade or 
blade discharge eddy cavitation. 

As Mr. Scoville points out, it is not absolutely necessary to 
open the blades when starting up an adjustable-blade turbine. 
However, exceptionally large gate openings, with resulting high 
thrust loads, are sometimes required to start a unit with the 
blades flat. The opening feature is certainly a distinct improve- 
ment. Cases have come to the attention of the author where 
the minimum angle of adjustable turbine blades had to be in- 
creased on account of starting conditions, particularly on low- 
head installations. It is also of interest to note in this connection 
that some of the largest Kaplan turbines in operation have been 
provided with special extra equipment to give the blades an ini- 
tial tilt before starting. The 18,000-hp turbines at the Vargon 
plant in Sweden, with runners 26 ft 3 in. diam, are provided with 
such equipment,"’ also the 48,000-hp turbines at the Pickwick 


“Low Head Produces High Capacity,” by George Willock, 
Power, December, 1939, pp. 74-76. 
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plant’ in Tennessee with runners 24 ft 4 in. diam. The type of 
turbine described by the author performs this function auto- 
matically without extra equipment, due to the method employed 
in pivoting the blades. 

Mr. Scoville states that Kaplan-type turbines are usually ar- 
ranged so that the blades close in about 60 see, and claims this to 
be an advantage in a plant with a relatively long penstock, the 
advantage being a lesser pressure rise in the penstock as a result 
of dropping load. Upon first thought there would appear to be 
a considerable difference as cited. However, referring to Mr. 
Scoville’s Fig. 16, the time required to drop from full load to one- 
half load would be reduced in the case of the Kaplan turbine by 
nearly the same ratio as the reduction in discharge, so that the 
rate of reduction in discharge per second, which determines the 
pressure rise, would be only slightly less for the Kaplan than for 
the automatic adjustable-blade type. In each case it is assumed 
that the loading and gate timing is the same. In the case of 
full-load rejection, the total change in discharge is made in the 
same length of time. Consequently, the average pressure rise 
would be approximately the same in either case. An exact 
analysis of the conditions will reveal that, with the automatic 
type, the rate of reduction in discharge may be slightly higher 
at the higher gate openings but that the rate reduces somewhat 
as the gates approach their closed position, resulting in a very 
desirable action, similar to that produced by cushioning the clos- 
ing end of the gate stroke. 

In every case investigated by the author, the operating char- 
acteristics of the automatic adjustable-blade-type turbine, which 
affect governing, are equal or better than those generally ob- 
tained. In this connection, reference is made to the discussion 
by Mr. Adams in which it is pointed out that the 10,000-hp Aus- 
tin turbines will be used for the frequency control of a 175,000- 
hp system, due pzrtly to their excellent governing properties. 
The WR? of each Austin unit is only about 3 per cent of the total 
of all units of the system. The penstocks at Austin are about as 
long as any usually encountered with adjustable-blade turbines. 
From tests, the pressure rise when dropping full load in 3 see was 
about 34 ft and the speed rise about 31 per cent. 

The necessity for designing the generator for the highest pos- 
sible runaway speed that could occur, if the blades were deliber- 
ately blocked at a relatively flat angle, is somewhat controversial. 
This question was brought up by Messrs. Scoville and Sharp. 
At full runaway speed the author’s analysis shows that the forces 
on a blade are principally in the form of a couple, consisting of 
upward forces near the leading edge and downward forces, of 
only slightly greater magnitude, near the discharge edge. If 
that analysis is correct, the couple moment would be the same, 
irrespective of the location of the axis. That is, there would be 
a very strong tendency for the blades to open with either the old 
or new location of the blade axis. However, there are two fea- 
tures of the automatic type which make it inherently less likely 
for the blades to stick in their highest speed position: (a) The 
friction moment of the roller bearings used is only a small frac- 
tion of that of plain bearings; (b) a low operating fluid pressure 
is used and the arrangement is such that the fluid cannot become 
“locked in,”’ as it could in the case of a piston-type valve, such as 
is employed with the high oil-pressure type of operation. 

Referring to Fig. 17, Mr. Sharp seems to have confused the 
runaway-speed characteristics of the automatic-type turbine 
with its operation at normal speed under reduced heads. Con- 
sequently, his conclusions in regard to the advantages of a Kap- 
lan turbine under subnormal heads are incorrect. High unit 
speeds, high values of peripheral coefficient ¢, may be produced 


18 “A Technical Review of the Pickwick Landing Project,’’ Techni- 
cal Monograph No. 40, Tennessee Valley Authority, March, 1939, 
exhibit 21. 
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either by overspeed at high heads or by low-head operation at 
normal speed. It is only in the case of speeds above normal that 
the blades of the automatic turbine open to reduce the amount 
of overspeed. When operating at normal speed under reduced 
heads, the more or less constant pressure applied to the reactive 
piston causes the blades to assume flatter positions, with respect 
to gate opening, than their positions at the higher heads. This 
may, perhaps, be better visualized by stating that, as experimen- 
tally determined, the ‘reactive moment”’ required for each of the 
developed designs of the automatic turbine at variable heads 
and loads is approximately equal to the cube of the runner di- 
ameter, times the square of the speed, divided by a constant, Rb 
= D38N?/K. Thus, for variable-head operation at constant 
speed, the application of a constant reactive pressure tends to 
make the gate-blade relation vary correctly with the head as well 
as with the gate opening, in such a way as to maintain both ef- 
ficiency and power at values approaching those theoretically 
possible. As a result, the turbine may operate to produce power 
down to a very low head, the same as is accomplished with the 
Kaplan type by changing cams, until the value of @ equals the 
highest value obtained with the blades nearly closed. That 
value may be from 2.3 to 2.5 times its normal value, or even 
higher, depending upon the number and camber of the blades. 

Mr. Sharp also appears to have found from his model tests 
that a better shape of efficiency curve is obtained as a result of 
pivoting the blades further downstream than is nece:sary with 
the automatic type. The author does not find this to be the 
case. The results of the Austin tests, Fig. 18 of this closure, 
rather indicate that there is little increase in the leakage losses 
through the increased clearances at the periphery of the blades 
as they approach their open position. The reason for this ap- 
parent difference in characteristics may possibly be due either to 
a difference in camber or to a difference in the shape of the throat 
ring. The effect of increased clearance may be offset, in the 
author’s opinion, by giving the blades of adjustable runners a 
little more camber than for fixed-blade runners. With the pro- 
portions of throat ring and blade-axis location adopted for the 
Austin turbines, Fig. 10 of the paper, the maximum clearances of 
the runner with the throat ring, for the open position of the 
blades, are kept to quite reasonable values. The throat, mini- 
mum diameter of the water passage, is located well below the 
blade axis, opposite the discharge edge of the blades when open. 
The clearance at that point is about 2.5 per cent of the runner di- 
ameter, i.e., about the same as is used with Kaplan turbines. 
The corresponding clearance at the leading edge of the blades ix 
about 1 per cent, somewhat smaller than is customary with Kap- 
lan turbines. The smaller clearance at the leading edge should 
have an advantage in decreasing the danger of a trash jam at 
that point. 

Mr. Sharp has properly called attention to the effect of cen- 
trifugal force in giving the blades a tendency to move to their flat- 
test position. This effect is more pronounced with the wider 
blades, such as are employed with the four-blade types, but the 
resulting closing moments about the blade axes are not large 
when compared with the hydraulic moments. In the case of 
the automatic-type turbine, it simply has the effect of reducing 
slightly the required reactive pressure. 

Mention was also made of the blade-servomotor capacity. 
It is interesting to compare the capacities required with the 
Kaplan and automatic types. The author’s analysis of sev- 
eral large Kaplan installations shows that the average re- 
quired blade-servomotor capacity, based on piston displacement 
and supply pressure, may be expressed by the formula, S = 
20 PN,'/* + +/H, where S is the servomotor capacity in foot- 
pounds, P the brake horsepower of the turbine, N, the specific 
speed, and H the operating head. For the author’s type turbine 
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a servomotor capacity of 3.33 PN,'/* + ./H, is quite ample, or 
one sixth that of the Kaplan. The Kaplan servomotor is double- 
acting, while that of the automatic type is single-acting, 
resulting in a true capacity ratio of 12 to 1, on an energy-supply 
basis. 

The Austin turbines were originally provided with a cam- 
operated auxiliary-control device to vary the pressure supply to 
the balance piston, if that was found necessary. The units were 
at first operated at 20-psi reactive pressure without the use of 
that device. However, it was found from the preliminary tests 
that the use of the auxiliary control would result in a substantial 
improvement in efficiency at certain loadings. The official tests 
were made with the auxiliary-control device in operation, the 
actual reactive pressure varying from 14 to 35 psi. Such a de- 
vice seems to be desirable, particularly for the higher head ap- 
plications of the automatic type where the greatest variation in 
the required reactive moment was found from the model tests. 
The auxiliary control of the reactive pressure is rather simple in 
design and its use does not in any way affect the several basic 
advantages of the automatic adjustable-blade-ty pe turbine. 


Several important improvements in designs have been made 
since the paper was prepared. These include an external con- 
trol valve for varying the reactive pressure, in contrast with the 
internal valve used at Austin. This valve is operated by an ad- 
justable cam on the gate-operating ring and has a follow-up con- 
nection for blade movement. It acts to position the blades posi- 
tively in accordance with a predetermined gate-blade relation, 
irrespective of the friction of the runner mechanism and irrespec- 
tive of the variations in the blade hydraulic moments with load 
and head that were mentioned in the paper. 

Design details have been prepared for a unit rated 40,000 hp 
120 rpm 70 ft head to operate under heads varying from 50 to 80 
ft. The latter head is at present considered to be the upper 
limit for the application of the automatic-type turbine. 

In closing, the author wishes again to recognize the contribu- 
tions of the discussers. He also wishes to thank the personnel 
of the Kanawha Valley Power Company and the Lower Colorado 
River Authority who cooperated wholeheartedly and to whom 
much credit is due for the suecessful applications of this type of 
turbine. 
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Production of Seamless Tubes by Combined 
Effects of Cross-Rolling and Guide Disks 


By W. TRINKS,' PITTSBURGH, PA. 


From the various methods of producing seamless tubes 
the author has selected the Diescher elongator mill as the 
basis for discussion in this paper. For a better under- 
standing of this method of tube production, the most 
recent Diescher mill installation at Allenport, Pa., is de- 
scribed in some detail. Following this the theory of cross- 
rolling and guide disks in the process of tube manufacture 
is explained. 


MONG the various seamless-tube-manufacturing processes, 
A the Diescher elongator holds the center of interest because 
it materializes the long-unrealized dream of the Mannes- 

mann brothers to produce a finished tube by cross-rolling. 

In this connection, it will be remembered that, in 1885, the 
Mannesmann brothers of Remscheid, Germany, introduced their 
epoch-making invention whereby the production of seamless 
tubular blanks was made feasible by cross-rolling. This practice 
is universally known among English-speaking technicians as 
“‘cross-roll piercing.” 

Great hopes were originally expressed for the new rolling 
process. It was even expected by some that a finished tube could 
be made in one pass from a round ingot. Not only did this ex- 
pectation fail of realization, but the use of cross-rolling in the de- 
sired heavy reduction of both wall thickness and diameter met 
the same fate. The cross-roll-piercing process did, however, 
most spectacularly and effectively deliver comparatively thick- 
walled blanks, which to be converted into finished tubes required 
some yet-to-be-discovered procedure. Finally, after many dis- 
couraging highly expensive, and time-consuming endeavors, a 
step-by-step forging process was invented by the Mannesmanns 
which accomplished the desired tube-forming operations. 

This second procedure involves what is universally known as 
the “pilger mill,’”’ which received its name from the fact that the 
blank passed through the mill with a motion similar to that of the 
pilger (pilgrims) who, to demonstrate the depth of their piety, 
went to the shrine at Amdernach five steps forward and three 
steps backward. 


PILGER OR PoKE MILLS 


In the United States, the early pilger mills were called ‘‘poke 
mills,’’ which term arose from the fact that these early mills were 
hand-fed and required the operator to push forward or poke 
the mandrel with the shell on it into the mill after each roll stroke 
of the bell-shaped pass machined in the rolls. 

Those who are familiar with the early history of the production 
of seamless tubes in the United States will remember that, in the 
piercing mill, Stiefel, a Swiss engineer employed at the British 
Mannesmann Works, substituted overlapping truncated conical 
members, provided with sidewise working faces, for the barrel- 
type cross-rolls of the Mannesmanns. When Mr. Stiefel emigrated 
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to the United States, he introduced this highly creditable 
innovation. During his many years of fruitful life in this country; 
he was regarded as the dean among seamless-tube experts. In- 
troducing slippage between the rolling faces and the billet per- 
mitted the material to flow into length more easily, whereby a rea- 
sonably thin-walled blank was produced. To be converted 
into a product suitable for cold-drawing, this blank required 
but a few passes in a plug mill. To be converted into an hot- 
finished product required, in addition to the plug-rolling, a reel- 
ing and then a sizing operation. Thus, methods other than cross- 
rolling had to be used by the Mannesmanns as well as by Stiefel 
for bringing the pierced blank to final cross section and length. 

Almost 50 years elapsed after the Mannesmanns made hollow 
blanks by cross-roll piercing, before Samuel E. Diescher of Pitts- 
burgh succeeded effectively in elongating a pierced blank into a 
thin-walled tube by cross-rolling. As in the case of the Mannes- 
manns, his mill acquired a name descriptive of the operation 
performed, as interpreted by men skilled in the tube art; this 
term was “elongator.’”’ The elongator has been briefly described 
in the literature, but the details of the construction, as well as 
the theory underlying this new method of plastic deformation, 
have never been published. 

In reviewing the rather extensive patent structure which has 
thus far appeared in public print, the author has discovered that 
many of the later features of the process are inventions of the 
originator’s brother, August P. Diescher. Therefore, as was the 
case with the Mannesmanns, here again we have the work of 
brothers. 


DiescHeR ELONGATOR METHOD 


The Diescher elongator method requires cross-rolls arranged in 
a manner generally similar to those of Mannesmann. A pierced 
blank enters the mill on a freely floating mandrel on which it is 


Fie. 1 


DiaGraM or Cross-ROLLING PRocEss 


| 
ie 
Kes: 
| 
or 
[ N< AIA a 4 
=< 
N 
SS SS 
2 
| 
— or 
4 
eke 


412 TRANSACTIONS OF THE AS.M.E. 


then cross-rolled, Fig. 1. The feature of the mandrel, moving 
in the forward direction during the procedure, seems to be a de- 
parture from the Mannesmann concept. However, that feature 
alone would not have made the Diescher procedure feasible. To 
explain this requires first of all a clarification of v7yhat occurs in 
cross-roll deformation. 

The cross-rolling process is inherently an expanding process, 
because the contact area between roll and blank is long in the 
direction of tube travel, and is short in the direction of roll travel. 
As a consequence of the laws of plastic flow, the resistance to 
“bulging” is much smaller than the resistance to elongation of 


Fig. 2. Unit at PLant oF PitrspurRGH STEEL Com- 
PANY, ALLENPORT, Pa. 


the product. As a matter of fact, solely by cross-rolling on a 
floating mandrel there could be expected at best, under the 
extent of deformation performed by the elongator, a tube of un- 
controlled expansion and of much larger diameter than that of the 
pierced shell. Inthe Diescher mill, this expansion is prevented by 
the elongator disks, which by frictional contact with the blank not 
only prevent uncontrolled expansion, but also pull the blank for- 
ward and convert the expanding tendency of the cross-rolls into 
elongation of the tube. With any circumferential speed of the 
cross-rolls and any practicable angularity of the setting thereof, a 
tube issuing therefrom must travel at a much lower rate of speed 
than the circumferential speed of the cross-rolls. The inference 
is natural that the elongator disks should run at a speed but 
slightly higher than that at which the work material issues, so 
that the friction will just pull the tube blank along, without doing 
more work than necessary. However, that inference is incorrect. 
The circumferential speed of the elongator disks is required to 
exceed greatly even the circumferential speed of the cross-rolls. 

Moreover, there is likely to be drawn another erroneous con- 
clusion. It might be reasoned that, since the elongator disks are 
intended to prevent tube expansion, they should be set to prevent 
any and all expansion, so that the finished tube will hug the 
mandrel tightly. In reality, the work material is allowed to ex- 
pand away from the mandrel, at the same time, however, requir- 
ing precision control of such expansion. Both of these somewhat 
surprising facts merit discussion. First, however, a detailed de- 
scription of the equipment will be given to aid in a better under- 
standing of the entire subject. 


Deraits or ELONGATOR UNIT 


Fig. 2 shows the elongator unit in use at the Pittsburgh Steel 
Company’s plant at Allenport, Pa. This installation is the most 
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recent to be placed in operation in the United States. Also, the 
Allenport works is the only plant throughout the entire industry 
at which there may be seen both the Mannesmann and the 
Diescher practices. The pliant equipment includes a_ large- 
sized Mannesmann piercing mill, working with comparatively 
large-diameter ingots, as contrasted with the prerolled rounds 
used in the Diescher mill. Conjoined therewith is also a pair 
of pilger mills, which embody the second notable Mannesmann 
principle of tube making. Further details of the Mannesmann 
contribution to the art are unnecessary for purposes of this 
paper since their significance is principally historical. 

The photograph from which Fig. 2 is reproduced was taken 
from a position near the racks where the elongated product is 
accumulated for crane transportation to locations in the plant 
where final processings take place as, for instance, cutting to 
length, sinking, upsetting, cold-drawing, inspecting, and testing. 
In the upper left-hand part of the illustration appear the heating 
furnace, the piercing mill, and the transfer equipment from the 
piercer outlet to the elongator inlet. Of the pair of large motors, 
appearing nearer the foreground and toward the left-hand region 
of the picture, the one farther removed from the foreground 


Fig. 3 ASSEMBLY OF ELONGATOR STAND 


drives the piercer cross-rolls and the other drives the elongator 
cross-rolls, 

Fig. 3 is a view of the elongator stand while undergoing assem- 
bly in the machine shop prior to being set up as part of the 
elongator unit shown in Fig. 2. In this illustration, the main 
stand is shown in the reverse position to that which it occupie= 
in Fig. 2, i.e., its entry side is seen in Fig. 3, whereas, its exit side 
is in view in Fig. 2. 

In detail, Fig. 3 shows the main bearings at the nondriven 
ends of the cross-rolls; the arrangement of main screws, which 
for the sake of preventing any rocking of the main bearings are 
applied in pairs; and the screw rig for vertical adjustment of the 
upper guide disk. Because of the height of this rig above floor 
level, it is operated by hand chains and so arranged as to encircle 
a well located at the middle of the housing cap through which 
crane slings can be lowered for removing the guide disks from their 
shaft mountings when their renewal is required. Between the 
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FOLLOWER RING IS CLAMPED 
IN DISK BODY AT THIS TONGUE 


Fig. 4 Action or on THIN-WALLED TUBE 


two pairs of main screws, Fig. 3 also shows a window giving access 
to the guide disks on the side in view, and entry for the guide- 
disk-drive spindles on the side opposite thereto and not in view. 

The hand wheel, appearing centrally below the upper guide- 
disk-screw rig, is for clamping the upper guide-disk carrier rigidly 
in position, following its adjustment by the screw rig mentioned. 
The hand wheel appearing at the left of the one just mentioned 
is for adjusting the guide disk with its bearings sidewise of the 
vertical plane of the pass axis, the purpose of which adjustment 
will be explained later. 

Immediately below the hand-wheel adjustment last men- 
tioned and near the bottom of the stand is a companion adjust- 
ment which serves in the same manner as the upper one; but in 
this case in connection with the lower guide disk. 

The hand wheel arranged at the right-hand side of the main 
stand and connected by a horizontal reach shaft to the worm 
drive, set centrally of the bottom of the housing, is for clamping 
the lower guide-disk carrier in a manner similar to that pre- 
viously described as pertaining to the upper guide disk. 

Finally, the hand wheel, on the vertical shaft centrally located 
in relation to the window opening at the right-hand side of the 
stand, is provided for the vertical adjustment of the lower guide 
disk. All these adjustments are duplicated on the side of the 
stand which is hidden from view. 

The guide opening, indicated by an arrow, provides entry for 
the workpiece into the pass located centrally of the stand and 
formed by the opposed faces of the cross-rolls and of the vertically 
opposed faces of the guide-disk rims; on the opposite side of the 
stand there is another such guide which provides for the exit of the 
workpiece. 

Comparing the size of this main stand with the size of the man 
standing alongside it gives an idea of its massiveness. The stand 
must be massive to prevent harmful give to the working elements, 
especially in the working of a thin-walled product accurately to 
size. 

Referring again to the general view Fig. 2, it will be observed 
from the location of the crossover skids leading from the piercer 
outlet to the elongator entry, that the workpiece, after leaving 
the furnace, must travel alongside and beyond the piercer before 
entering it. After leaving the piercer, then traversing the cross- 
over skids, and entering into and finally passing out of the elon- 


_ gator stand, it will also be noted that, in its elongating course, 


the workpiece travels in the opposite direction to that in which 
it proceeded through the piercer. This procedure was adopted 


because with thin-walled piercing, the shell tends to become 
somewhat smaller in diameter at its exit end than throughout its 
general course, which created a condition inviting chilling under 
the closer approach of the walls at this narrowed end to the 
elongator-mandrel surface. By causing that end to enter the 
guide-disk pass first, there is not the amount of time for chilling 
to take place that would occur if the direction of workpiece 
travel for both piercing and elongating was the same. 

Obviously, before the pierced shell may be entered into the 
elongator, a mandrel bar must be strung through it. In the 
right-hand background of Fig. 2 may be seen a number of these 
bars resting on the mandrel-cooling or storage bed. As soon as 
a mandrel has been advanced from the bed to its position within 
the pierced shell, both shell and mandrel enter the elongator 
pass and are fed through it, traveling along between the elonga- 
tor-drive spindles, thence through a passageway provided in 
the drive-gear housing, which can be seen in the center of the 
illustration, and finally forward along the runout table the 
drive of which appears in the left-hand foreground. By flag- 
switch control, the three-arm star-throwout rig, appearing im- 
mediately next this runout table, directs the finished tube with 
the mandrel still inside it across skids to a chain transfer and 
from that mechanism to another table which is parallel with the 
runout table but operates in the reverse direction. This latter 
table passes the tube and mandrel toward the rear to a pinch-roll 
stand which can be seen at the end of the table. At this point, 
the mandrel is extracted from the tube and proceeds along its 
course and is finally, by means of a star throwout, transferred to 
the mandrel storage and cooling rack. 

By means of another star throwout, the tube from which the 
mandrel was extracted is moved sidewise into the finished- 
product storage rack, shown at the right, from which the product 
is removed in crane-load batches for further processing, as pre- 
viously described. 

Beyond this tubular product storage rack and midway between 
it and the background is shown the elongator guide-disk-drive 
motor. 


Tueory or SEAMLESS TUBES 


In a vertical plane, the cross-rolls are set at an angle of 6 deg 
with the direction of travel of the tube. Ordinarily and with no 
allowance for slip between cross-rolls and tube, the latter would 
travel (sin 6 deg) times the circumferential roll speed. A typical 
roll speed is 800 fpm, which makes the tube-delivery speed equal 
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to 0.105 X 800 = 84fpm. Actually, the tube travels at a higher 
speed, i.e., approximately 100 fpm. Thus, the effect of the for- 
ward drag by the elongator disks becomes apparent. 

The speed at which these disks operate gives rise to interesting 
speculation. The originator of the mill reasoned as follows: 
Thin-walled tubes tend to climb into the gap a, Fig. 4,and thereby 
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PIOTION OF ELEMENT OF TUBE SURFACE 


Fie. 5 Diacram or TuBE Motion 


become scrap, unless frictional resistance to revolving motion 
(arrow 6) is minimized. The resistance is wholly absent if, in the 
diagram of motion Fig. 5, origin 1 and terminal 2 of the travel of a 
point on the tube surface are equally distant from point 3, which 
is the location of point 1 of the disk when the corresponding con- 
tact point of the pipe blank has arrived at 2. Geometrically (1) 
(3) is (1) (4) divided by sin a. Since equal intervals of time 
enter into the movements (1) (2) and (1) (3), velocities may be 
substituted. If, for instance, the peripheral speed is 800 fpm, 
the disk speed, according to this rule, should be 400/(sin 6 deg) = 
400/0.105 = 3810 fpm. Actually, a lower speed, about 2300 
fpm is used for the disk. At that speed, push by the cross-rolls 
is small when compared to the pull by the elongator disks. 

To clarify this theory yet further, the following reasoning will 
be helpful: Referring again to Fig. 5, it will be seen that the 
cross-rolls move a point on the tube surface across the disk along 
the path (1) (4) (2). The problem is: How fast must the disk 
move so that the tube blank will be dragged along the path (1) 
(4) (2) by the disk, instead of being pushed across by the cross- 
rolls? The answer is the same as before. 

This derivation is based upon the elementary laws of solid 
friction, which teach that the friction coefficient is independent 
of the speed. However, phenomena occur in the elongator mill 
which, although not yet investigated quantitatively, should at 
least be mentioned. Contact between hot steel, such as the tube 
blank, and the much cooler rolls, as well as the disks, lowers the 
surface temperature of the blank. Compression and deformation 
raise the temperature of the blank. Local friction between rolls 
or disks and blank also raises the temperature of the surface of 
the blank. This would be unimportant, but for the well-known 
fact that the friction coefficient between a roll and a hot-steel 
blank drops rapidly as the temperature of the surface of the 
blank rises, and vice versa. 

The problem of ascertaining the surface temperature Of the 
blank at the instant (and it is only an instant) of contact, is so 
filled with practical difficulties that no accurate measurements 
are available at the present time. One thing is certain, that 
control of the frictional phenomena has played an important part 
in the development of the elongator mill. While the instantaneous 
surface temperatures at the contact are not known, the more 
easily observed temperatures of the entering blank and tube at 
exit are known in a general way. For instance, it is known that 
the tube which emerges from the Diescher mill has a higher 
temperature than the blank which entered, whenever the elonga- 
tion ratio substantially exceeds the value of 2 with present 
speeds. 
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Position or Disks 


The speed of the disks having been disposed of, we shall now 
consider their position. At first, they were set with the same 
clearance as the cross-rolls, i.e., allowing only for the two wall 
thicknesses of the finished tube. Experience quickly taught that 
they must be set with greater clearance. It is undesirable to 
have the tube rolled tightly on the mandrel, for several reasons, 
With a tightly fitting tube, the mandrel becomes hot, the resist- 
ance to forward sliding of the tube on the mandrel during the 
rolling process is increased, and there is difficulty in removing the 
finished tube from the mandrel. In addition, the metal of thin- 
walled tubes tends to crowd into the gap or cleft between the 
cross-roll and the elongator disk, because the friction between the 
mandrel and a tightly fitting tube hinders elongation. Briefly 
expressed, the setting of the cross-rolls determines the wall 
thickness, while the setting of the elongator disks determines the 
diameter of the tube. An economic corollary is that the diame- 
ter of the mandrel may vary within wide tolerances, with the 
proviso that the mandrels used for one given roll setting must 
all be alike in diameter. Since the mandrels stay comparatively 
cool, they are not substantially deformed by the rolling process, 
but there is some wear. In consequence, no mandrel conditioning 
is required beyond that attainable by centerless grinding. 

The problem of disk setting can be further elucidated by giving 
a few settings from actual practice. To roll a tube 2'/,¢ in. 
diam and 1/16 in. wall thickness on a 17/s-in-diam mandrel, the 
cross-rolls may be set apart 2 in. at the throat and the guide 
disks about 2'/s in. apart at their closest approach. The result- 
ing tube would be 21/,5 in. diam, with 1/15 in. wall thickness, and 
would provide !/i. in. of the diam to be removed in sizing to a 
2-in-diam product. 

To roll a tube 27/s in. diam X */s in. wall thickness on a 
25/s-in. mandrel, the cross-rolls would be set apart 218/15. in., and 
the disks about 2'5/i. in.; with a 2°%/,.-in. mandrel, the cross- 
rolls could be set apart 2°/, in. and the disks 3 in., although this 
is not the best practice. 


SHAPE AND LATERAL PosITION OF ELONGATOR DIskK 


A few words should be said about shape and lateral position 
of the elongator disk. Since the tendency of the tube wall (par- 
ticularly a thin tube wall) is to work into the gap between the 
cross-roll and elongator disk, it is highly desirable to reduce the 
width of that gap to a minimum. This feat is accomplished by 
making the disk one-sided, e.g., with one edge longer than the 
other, as shown in Fig. 4. In addition, the disk is adjustable side- 
wise for the purpose of obtaining the best location for each size 
of tube. 

Several years ago, when the author first studied the Diescher 
elongator mill, he felt that the great relative rubbing speed be- 
tween elongator disk and tube might have two undesirable ef- 
fects, i.e., excessive wear of disk and excessive power consump- 
tion. In the beginning, the design and material of the disks 
offered a problem which, however, was soon solved by welding a 
rim of austenitic steel to a soft-steel center. The rim contains 25 
per cent chromium and 12 per cent nickel. One set of disks has 
rolled as many as 20,000 tubes before having to be reconditioned. 
Reconditioning is required, because the disks ultimately become 
deformed in profile and thus become rough, whereby free circum- 
ferential flow of the tube material along the disk profile is ob- 
structed. The tube wall then tends to work into the gap or cleft, 
and so-called ‘‘disk wipes” occur in the finished tube. The con- 
tact time between disk and tube is about !/1s0 sec. This time does 
not afford opportunity for heat penetration into the disk. Several 
methods are in use for fastening the disks to their shafts. One 
method is illustrated in Fig. 4. 
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PowER REQUIRED FOR ROLLING OPERATIONS 


With regard to power consumption, the following data are 
available. The rolling of thin-walled tubes requires more power 
per unit of volume times elongation in unit time than the rolling 
of the thick-walled product. 

The power required per net ton of product also varies with the 
size of product being made. For example, in rolling common- 
steel pierced blanks of 3 in. diam and 0.266 in. wall to a product 
of 25/, in. diam and 0.125 in. wall at the rate of about 1.7 fps 
out of the elongator pass and produced at the rate of 240 pieces 
20 ft long per hr, there would be required about 800 kw of power 
for all drives, including table drives of the elongator. 

Among data regarding the consumption of power in elongating 
per se, and therefore dealing solely with that required for driving 
the cross-rolls and guide disks, the following figures should be of 
value: In elongating to 0.09 in. wall thickness, about 95 hp are 
required per cu in. of metal displaced per sec; whereas, in elon- 
gating to double that thickness about 70 hp are required per cu 
in. displaced per sec, the guide disks consuming about 25 per cent 
of the power consumed by the cross-rolls. 

Closely allied with disk wear and power consumption is the 
cost of tooling. The smaller the diameter and the wall thickness 
of the product, the higher is the cost of tooling per ton of product. 
At present, the cost of all tooling in rolling the 25/s X '/s-in. 
wall tubing, mentioned under power consumption, is about 
$1.10 per net ton of product. This includes all items such as 
rolls, disks, mandrels, etc., and is expected ultimately to be sub- 
stantially reduced. 

For the sake of completeness, additional questions must be 


Fig. 6 Tuse Parttatty From Eccentric 


discussed briefly; one is the diameter of the cross-rolls. They 
must be rigid enough to roll the thinnest practical tube without 
noticeable deflection, even if the temperatures among the blanks 
vary. Designers prefer to be on the safe side and make them 
somewhat larger than the needed neck diameter implied, rather 
than too small. The next question is that of greatest possible 
elongation. The Diescher elongator has rolled with 5 elongations, 
which means that the delivered tube is 5 times as long as the 
entering hollow blank. In practice, such extreme elongations 
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are not used. The average elongation is about 2, which means 
that the tube has twice the length of the hollow blank. In this 
manner, piercer output and elongator output are about alike, and 
the highest rate of combined production results. 


ConcENTRICITY OF DigscHER MILL TuBEs 


The elongator mill has gained a reputation for producing con- 
centric tubes. This statement may be discussed from two angles, 
viz., the importance of concentricity, and the reasons why the 
Diescher mill attains it. The importance of concentricity is 
realized by all consumers of tubing and therefore need not be 
stressed here. The next question is: Does the elongator produce 
concentric tubes and, if so, why? The fact that it produces 
concentric tubes may be judged from Fig. 6, which shows a tube 
that had been rolled part way from an eccentric blank. The 
latter had been bored out of center. The reason for rolling a 
bored blank instead of a blank produced by cross-rolling is that a 
uniformly eccentric blank cannot be obtained from a piercing mill 
because, in the latter, the piercing plug meanders, following for- 
tuitous soft spots caused by nonuniform heating or segregation. 

In turning now to reasons for the concentricity of tubes rolled 
on the elongator mill, it is conceivable that, when the tube blank 
first enters, an eccentric blank would vibrate the mandrel with 
high frequency, whereby resisting forces are produced which, in 
conjunction with the well-known fact that thick walls are more 
easily deformed than thin walls, tend to reduce the eccentricity 
of the workpiece. Furthermore, a thick wall portion introduced 
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into the cleft between the rolls and the mandrel emanates there- 
from more pronouncedly than its companion thinner wall portion, 
rubs harder against the elongator disks, becomes hotter, and is 
more easily turned into length. By the combined effect of these 
actions, the mandrel becomes centered by the time the tube is 
traversing the long finishing pass, which in Fig. 7 reaches from C 
to D. From then on, the remainder of the tube (which means 
almost the entire length) is forced through the spaces between 
the rolls and a concentrically held mandrel, whereby concentricity 
is obtained. It goes without saying that concentricity as used in 
practice is a relative term, and that maximum approach to per- 
fect concentricity requires maximum rigidity of the mill. 


CONCLUSION 


In conclusion, we may consider the economic side of the 
matter: Under what conditions should existing equipment be 
replaced by an elongator mill? Up to the present time, this 
question has not arisen in practice, because the four mills which 
are now in operation were installed as additional equipment for 
the purpose of making a product which heretofore could not be 
inade, i.e., a hot-rolled, seamless, concentric tube with very 
smooth surfaces. Upon inquiry the author discovered that the 
patent owner, the Diescher Tube Mills, Inc., has a very commend- 
able policy; new licenses seem unlikely to be solicited unless the 
existing mills cannot cope with the demand. 


Discussion 


A. B. Cox.? In the Diescher tube-rolling machine, as in steel- 
rolling processes in general, successful operation is dependent 
upon relative values of external and internal friction. The great 
importance of this principle in the field of rolling materials may 
therefore justify some comment on this phase of the paper. 

At one point the author states that the theroetical derivation 
of relative speeds of cross rolls and longitudinal rolls is based on 
the assumption that the coefficient of external friction is inde- 
pendent of the speed, i.e., relative motion or slip, which pre- 
viously had been taken as zero. The writer knows of no experi- 
mental data which would justify this assumption of a constant 
coefficient of friction for all speeds. Regardless of whether the 
friction is dry or lubricated, experimental data show that the co- 
efficient of friction varies very widely with speed.* If the 
coefficient of friction between hot and cold steel is constant over 
any considerable range of speed, a citation to the data which show 
this should be of interest. 

The author also refers to the laws of plastic flow, which brings 
up the subject of internal friction. It is well known that, in 
general, the resistance of a solid to deformation varies with the 
rate of deformation. The ease of flow, or “flowability” of the 
material, increases with increase in the rate of deformation; at 
least for low and intermediate rates of deformation. Conversely, 
the coefficient of viscosity (or coefficient of internal friction) de- 
creases.‘ This is true of all materials for which data are avail- 
able. The coefficient of viscosity for all materials, solid, liquid, 
or gaseous, follows the same law. It is only when data are taken 
over a relatively limited range of speed that the coefficient ap- 
pears to be approximately constant in some cases. This is true 
even for water and for air. Hence, it is extremely probable that 
the coefficient of internal friction of steel, no matter how cold 
or how hot, varies greatly with rate of deformation. 


2 South Hills, Pittsburgh, Pa. 

3 “Journals and Bearings’’ section, L. S. Marks, Mechanical Engi- 
neers’ Handbook, third edition, 1930. Stribeck data for a lubricated 
journal, pp. 243, 244. 

* Refer to Bibliography on subject of ‘‘Friction,’’ by Committee 
E-1, American Society for Testing Materials, 260 S. Broad Street, 
Philadelphia, Pa 
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Given experimental data for the curve of variation of speed 
versus coefficient of internal friction of steel at the temperature 
at which the metal is to be worked, and the curve of variation of 
the coefficient of external friction versus speed for hot or cold 
steel, would it not be possible to predetermine the relative speeds 
of the cross rolls and the elongator rolls of the Diescher machine 
for optimum performance with engineering certainty? It is 
the common impression among steel men that all mills of this 
general type are hard to get started in successful production on 
any but a product which has already been fully standardized in 
production. Apparently this is due to the difficulty of obtaining 
just the right relative tangential and longitudinal speeds. If 
the author can supply information which will refute this general 
opinion, it would be of value both to the tube manufacturer 
and to the manufacturer of the tube-rolling machine. 


C. W. Lirrier.’ From the writer’s investigations in the 
matter, it is evident that the Diescher elongator has contributed 
greatly to the advancement in the art of seamless-tube manu- 
facture. This is particularly true with reference to the ability of 
such a mill to maintain uniform wall thickness within very close 
tolerances. It is understood that elongations of 4 to 1 have been 
accomplished. No doubt the rotary disks add greatly to this 
possibility. The uniformity achieved on such a tube coming 
from the elongator has a beneficial effect on the reducing mill. 


G. A. PuGu.* The Diescher elongator finishes pierced blanks 
into seamless tubes, eliminating intermediate operations such as 
pilgering, plug rolling, and reeling. The plug-rolling and reeling 
intermediate operations are employed by most of the tube manu- 
facturers in this country. 

The urge to eliminate the plug-rolling mill, as a means of elon- 
gating pierced hollows, is a natural one, since the plug-rolling 
operation is irrational and contributes most of the difficulties 
usually considered inherent with the manufacture of seamless 
tubes. For the sake of clarity, it should be understood that the 
Diescher mill has been used for tube sizes having a maximum 
diameter of about 4 in. The hot finishing of tubes of light wall, 
smaller than 4 in. diam, has been a difficult problem and the 
Diescher development along this line is noteworthy. Qualities 
of the product, such as accuracy of wall thickness and reduction 
in the percentage of eccentricity, have made the unit a commer- 
cial success, 

On the other hand, large-diameter hot-finished tubes have been 
successfully finished by cross rolling, as for example, by the ro- 
tary rolling method employed by the National Tube Company. 
As one of the developments of R. C. Stiefel, mention was made of 
it in a paper’ presented in 1928. The use of a second piercer, as a 
means of elongating pierced hollows, also has been widely em- 
ployed by all of the makers of large sizes of seamless tubes. 

It will be interesting to note the development in the Diescher 
mill as time goes on and to what degree it may be adapted for 
the production of large sizes of tubes. Certainly, there must come 
a day when the economic demand and the necessity for closer 
wall tolerances will force engineers to adopt methods which make 
such attainments possible. 


C. R. Sap_er.’ This paper has been of particular interest to 
the writer who was closely concerned in the installation of the 


® Chief Engineer, Jones & Laughlin Steel Corporation, Pittsburgh, 
Pa. Mem. A.8.M.E. 

© Youngstown, Ohio. Mem. A.S.M.E. 

7**The Manufacture of Seamless Tubes,’ by R. C. Stiefel and 
G. A. Pugh, Trans. A.S.M.E., vol. 49-50, 1927-1928, paper IS-50-7, 
pp. 17-22. 

* American Munitions Division of American Type Founders, Inc., 
Elizabeth, N. J. 
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first elongator, and for several years was personally familiar 
with its operation. As the author states, this is the first time the 
theory underlying the ‘elongator” method of producing tubes 
has been published. The statements in his paper are borne out 
by the writer’s experience. 

While this paper makes mention of the concentricity of the 
tubes produced by this process and refers to tests made with an 
eccentrically drilled blank, the actual wall measurements of the 
blank in question were not stated. It may be of interest to know 
that these wall dimensions were as follows: 


i. 120 in. minimum 
0.358 in. maximum 
in. minimum 

0.104 in. maximum 


Before procesping. ... 


Another advantageous feature of the elongator method is 
the smooth interior surface of the product. Internal scratches 
have always been the bugbear of the seamless-tube industry, 
and no satisfactory method has been devised for their removal. 
For this reason, a method of hot rolling was sought in which 
scratches could not occur. Naturally, attention was turned to 
the idea of rolling tubes over a smooth bar rather than over a 
plug. Of the various methods of accomplishing this, the elongator 
method has proved to be the most satisfactory. The reason for 
this will be apparent from a study of Fig. 1 of the paper. It will 


be noted that there is but a slight sliding movement between the 
tube and the bar, and that the tube is in momentary rolling con- 
tact with the bar at only two points during the operation. Thus, 
there exists no tendency to produce scratches or scores in the 
tubes. Not only is this a very desirable feature in the production 
of hot-finished tubes, but where tubes are subsequently cold 
drawn it results in the production of superior tubes with fewer 
cold-draw passes. 

Another feature is that, while the process is suitable for any 
size tube, smaller hot-finished tubes have been successfully pro- 
duced by this method than were possible before its introduction. 
The advantage of this will be apparent to any tube manufacturer 
who has had experience with the difficulties inherent in hot 
sinking. 

AUTHOR'S CLOSURE 


The constructive character of the discussion which has been 
offered on the present paper is very much appreciated. Addi- 
tional facts have been presented and they are helpful in the under- 
standing of the process. 

Mr. Cox recommends that additional research work be done 
on the friction between blank and rolls and also on the internal 
friction within the blank. Information on these problems has 
been accumulating for some time but as yet is not adequate for 
presentation. 


| 
| 
; 
| 
| 
tare 
« 
| 
| 
4 
| 


| 
7 
er 
oe 
Re 
oe 
ig 
4 
4 
4 
ie 
Ae 
4 
| 
ay 
: 
~ 


The Flow of Saturated Water 
Through Throttling Orifices 


By M. W. BENJAMIN! anv J. G. MILLER,? DETROIT, MICH. 


In this paper are presented the results of tests to deter- 
mine the flow characteristics for saturated water and for 
various mixtures of saturated water and steam through 
sharp-edged thin-plate orifices. Tests show that the ac- 
tual flow of saturated water through these orifices is con- 
siderably greater than would be expected from theoretical 
calculation based upon a change of state and that no criti- 
cal back-pressure condition is evident over the range of 
initial pressures considered. Primarily, this investigation 
was intended to determine the feasibility of using throt- 
tling orifices alone or in combination with float-operated 
drainers for regulating the draining of condensate from 
feedwater heaters. The tests which form the basis of the 
paper have provided sufficient information to permit the 
derivation of practical design formulas, which have been 
used successfully in several instances by the authors’ com- 
pany. These test data apply only to throttling orifices 
and should not be used to design orifices for metering pur- 
poses. An Appendix to the paper shows the application of 
the formulas to the design of a single-stage orifice to drain 
the condensate from a feedwater heater, and to the design 
of an orifice to be used in series with a float-operated 
drainer. 


flow of boiling water through pipes in connection with the 

rapid erosion of elbows in heater drain piping on a 60,000-kw 
steam turbine. After some study, it was found that erosion was 
a function of the amount of flashing and the quantity of water 
flowing in the pipe, and interest in the subject was intensified by 
the indication that certain operating difficulties with float-oper- 
ated condensate drainers also might be traced to the phenomena 
encountered with water flashing into steam in the drainer dis- 
charge pipe. 

In a paper* by Bottomley, the suggestion was made that orifices 
could be used in place of float-operated traps for draining feed- 
water heaters. Such an application would eliminate the operat- 
ing troubles with traps and, if the orifices were installed at the 
end of the drain line rather than at the beginning, would prevent 
erosion in the piping. 

While the theoretical analysis of the flow of saturated water 
(water at saturation temperature and pressure) through orifices, 
which assumes a change of state in the orifice, seemed straight- 
forward enough, the limited published test data showed the actual 
capacity of an orifice passing saturated water to be several times 
greater than its theoretical capacity. Since the available test 


) ARLY in 1939, the authors became actively interested in the 


1 Engineer, Engineering Division, The Detroit Edison Company. 
Mem. A.S.M.E. 

* Engineer, Engineering Division, The Detroit Edison Company. 
Jun. A.S.M.E. 

* “Flow of Boiling Water Through Orifices and Pipes,"’ by W. T. 
Bottomley, Trans. North-East Coast Institution of Engineers and 
Shipbuilders (England), vol. 53, 1936-1937, pp. 65-100. 

Contributed by the Power Division, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


data were not complete and because practical coefficients were 
needed for actual design purposes, it was decided to conduct an 
experimental investigation of the flow of saturated water through 
sharp-edged thin-plate orifices to determine whether it would be 
practicable to use such orifices in lieu of traps for draining feed- 
water heaters. 

While the tests which form the basis of this paper do not cover 
all the variables which might have been investigated, they are 
sufficiently complete to provide a practical basis for design that 
has been applied successfully in several instances. 

In this paper the term “‘saturated water” is used in preference 
to “hot’’ or “boiling” water as used by earlier writers, since it is 
considered to be more definite and possibly more accurate. It is 
used to denote water at saturation pressure and temperature, and 
refers to the condition of the water on the upstream side of the 
orifice. 


CoMPARISON OF THEORETICAL AND ACTUAL FLow oF SATURATED 
Water THrRovuGH ORIFICES 


The theory of the flow of saturated water has been thoroughly 
covered in several published papers‘ and, therefore, will not be 
repeated here. 

For purposes of comparison, Fig. 1 shows the theoretical and 
actual flow of saturated water through orifices for an initial pres- 
sure of 145 psi abs and back pressures ranging from 0 to 145 psi 
abs, while Fig. 2 shows the maximum theoretical and actual flow 
through orifices for initial pressures ranging from 14.7 to 300 psi 
abs and a constant back pressure of 14.7 psi abs. 


EXPERIMENTAL INVESTIGATION OF FLow oF SATURATED WATER 
THROUGH ORIFICES 


Fulfillment of the purpose of the test required that several 
points be kept in mind concerning the design of the orifices and 
test equipment, as follows: 

1 That the draining of condensate from a higher-pressure to a 
lower-pressure feedwater heater is primarily a throttling process. 

2 That the controlling factors to be considered in designing an 
orifice for draining condensate from one heater to another for 
maximum load on a turbine are (a) the pressure differential be- 
tween the heaters; (b) the initial temperature and pressure of the 
condensate; and (c) the quantity of condensate to be drained 
from the higher-pressure heater. The initial temperature of the 
condensate will be the saturation temperature corresponding to 
the initial pressure in all cases except those in which there is under- 
cooling. The effect of undercooling on the flow of the condensate 
through an orifice is in general the same as the effect of a static 
head on the upstream side. 


4 “Experimental Researches on the Flow of Steam Through Nozzles 
and Orifices,”” by A. Rateau, D. Van Nostrand & Co., New York, 
N. Y., 1905, supplementary chapter at end of book, pp. 62-74. 

“Discharge Capacity of Traps,’’ by A. E. Kittredge and E. S. 
Dougherty, Combustion, vol. 6, September, 1934, pp. 14-19. 

“Fluid Flow Through Two Orifices in Series,” by Milton C. Stuart 
and D. Robert Yarnall, Mechanical Engineering, vol. 58, 1936, pp. 
479-484. 

“Flow of Boiling Water Through Orifices and Pipes,” by W. T. 
Bottomley, Trans. North-East Coast Institution of Engineers and 
Shipbuilders (England), vol. 53, 1936-1937, pp. 65-100. 

“The Flow of Hot Water Through a Nozzle,” by B. Hodkinson, 
Engineering (London), vol. 143, 1937, pp. 629-630. 
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3 Thai all of the factors given under (2) decrease with a drop 
in load on the turbine; and it is possible that an orifice designed 
for full load will be larger than needed to pass the condensate at 
reduced load even though the pressure differential across the ori- 
fice also is reduced. In such a case, some steam will be cascaded 
to the lower-pressure heater along with the condensate. This 
means that more steam will be bled from the higher-pressure tur- 
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bine stage than is necessary for its own stage of feedwater heating, 
which in turn may reduce the turbine cycle efficiency somewhat, 
especially if the amount of steam cascaded is excessive. 

- Therefore, in order to provide the necessary test data for de- 
signing orifices to drain the condensate from feedwater heaters, 
the test equipment was built to permit the determination of (a) 
the flow of saturated water through orifices for various initial and 
back pressures; (b) the effect on the flow of saturated water 
through orifices produced by a static head above the orifice (un- 
dercooling); and (c) the effect on the flow of passing steam 
through the orifice along with the water. 

Design of Orifices. While it is not an established fact, it is 
expected that long-continued throttling may produce wear or 
erosion of the orifice with consequent passage of steam at all tur- 
bine loads. To prevent loss of cycle efficiency it might be neces- 
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sary to make periodic replacements and, for this reason, any 
heater drain-line orifice should be simple to make and easy to re- 
place in service. If the orifice plate is made of corrosion-resisting 
steel, experience shows that, where no change of state occurs, 
there will be little if any wear of the sharp edge of the orifice; 
however, with orifices installed in hot-drip systems, considerable 
erosion due to flashing or cavitation has been noted on the down- 
stream face of the orifice plate. It should be noted here that 
drain-line orifices are not intended for metering purposes. 

Fig. 3 shows the design and Table 1 gives the diameters of the 
orifices used in this investigation. These orifices were installed 
in a horizontal 6-in. pipe. 


TABLE1L DIAMETERS OF ORIFICES USED IN INVESTIGATION 


Oritice Orifice diameter, 
number in, 
ad 
DOWNSTREAM FACE 


1 = 
ORIFICE PLATE MADE OF LOW-CARBON STEEL 
UPSTREAM FACE FINISHED ON LATHE 


Fic. 3° DesiGn or Ortrices Usep iN Tests OF FLOW oF SATURATED 
WATER 


Description of Test Equipment. Equipment used in the orifice 
tests consisted of the following: 

1 A flash tank for regulating the pressure and supply of satu- 
rated water. 

2 A set of orifices and a flanged holder for them. 

3 A heat exchanger. 

4 Two weigh tanks—one for the condensate and another for 
the heat-exchanger cooling water. 

5 Temperature-measuring apparatus. 

6 Pressure gages. 

The schematic arrangement of the equipment and the relative 
location of thermocouples and of pressure gages is illustrated in 
Fig. 4. 

Fig. 5 shows an orifice clamped in the flanged holder. The 
short glass filler immediately downstream from the orifice was 
used to permit visual observation and photography on some of 
the runs. During most of the tests, however, a steel filler was 
used. 

All temperatures were measured with iron-constantan thermo- 
couples, calibrated for 8 in. immersion and a reference junction 
temperature of 32 F. Calibration of the couples is believed to be 
accurate within +0.5 F and, because of the depth of immersion 
and the precautions taken to prevent air circulation around the 
couples in their wells, it is believed that the measured tempera- 
tures are in error by no more than +0.5 F. The design of the 
thermocouple well is shown in Fig. 6. 

Operation of Equipment. The controlling conditions in operat- 
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ing the test equipment were the pressure and water level in the 
flash tank and the back pressure on the orifice. For any given 
test, the required combination of these conditions was obtained 
by balancing the flow of 400-F water into the flash tank through 
valve V, against the flow of flashed steam through vent valve V; 
and of water or a mixture of water and steam through the orifice 
and back-pressure control valve V;._ Usually about 15 min were 
required to obtain the desired combination of pressures and water 
level, but once this condition was established slight adjustment of 
the valves was sufficient to maintain it because of the relatively 
constant pressure and temperature of the water supply. For the 
tests in which the orifice was passing both water and steam, the 
water level remained constant at about the center line of the 
horizontal 6-in. pipe and was of secondary importance. How- 
ever, for the tests in which only saturated water passed through 
the orifice, the water level was established at from 3 to 8 in. above 
the center line of the orifice and was maintained at the established 
level within ='!/, in. In the tests to determine the flow with a 
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static head above the orifice, the flash tank was filled with water 
under a pressure greater than the saturation pressure correspond- 
ing to the water temperature. However, in all cases, the inlet- 
water temperature was above the saturation temperature corre- 
sponding to the back pressure on the orifice. 
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all the various sizes of orifices listed under “Design of Orifices.” 

Fig. 8 shows the flow of saturated water when a mixture of 
steam and water is passed through an orifice. The curves are 
arranged to show how the initial pressure, back pressure, and 
relative amounts of steam, included in the mixture, affect the 
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The actual flow of saturated water through orifices, on the basis 
of pounds per second per square foot of orifice area as found on 
test for five initial pressures and various back pressures, is pre- 
sented in Fig. 7. The results given were obtained from tests of 
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flow. It is important to note that the amount of steam passed is 
given as a fraction of 1 lb per lb of water and that the total weight 
actually passed by the orifice is the sum of the weights of water 
and steam. Fig. 9, obtained by combining the data for initial 
pressures of 75, 103, and 145 psi abs from Fig. 7 with the data 
from Fig. 8, shows clearly and in convenient form the effect of 
passing steam with the water. 

Should the rate of supply exceed the capacity of an orifice, a 
static head of water will build up above the orifice. Therefore, 
the water at the orifice center line will be under a pressure in ex- 
ess of the saturation pressure corresponding to the temperature by 
the amount of the static head. Under this condition the fraction 
of water flashed into steam in passing to a region of lower pressure 
will be exactly the same as though the orifice were merely sub- 
merged, but the capacity of the orifice is increased somewhat as a 
result of the increase in pressure drop across it represented by the 
static head. An equivalent case is one in which the orifice is 
passing hot water at a normal level but undercooled to some ex- 
tent below the saturated temperature. For instance, cooling the 
water from a saturation temperature of 332.1 F down to 317.1 F, 
while maintaining the original saturation pressure of 106 psi abs, 
is the same condition as having an equivalent static head of 20 psi 
(50.7 ft) above saturation pressure with water at 317.1 F. Conse- 
quently, the test data for both conditions are presented on the 
basis of a static head above the orifice. Fig. 10 shows how static 
heads of from 0 to 70 ft affect the flow at three different initial 
saturation pressures. 

The photographs, reproduced in Fig. 11, show theflow leaving 
the downstream face of the orifice for two initial pressures and 
various back pressures. The two upper sets of pictures are from 
tests in which no steam was passed with the water, while the two 
lower sets are from tests in which steam was passed through the 
orifice with the water as indicated. In the two upper groups of 
pictures, it is interesting to note that, for the higher back pres- 
sures, the flow leaves the orifice in the form of a jet with practi- 
cally no flashing evident within the length of the glass filler. As 
the back pressure decreases, however, flashing occurs nearer the ori- 
fice as shown by the breaking up of the jet, and the lower the back 
pressure the nearer to the orifice the flashing occurs until, at 15 
psi abs back pressure, the flashing begins at the orifice down- 
stream face. 


ANALYsIS OF RESULTS 


As far as is known, the results presented in this paper and those 
given by W. T. Bottomley,’ are the only published test data 
which give the actual flow of saturated water through orifices. In 
his tests, Bottomley could not, because of limitations in his equip- 
ment, determine the effects on the flow caused by (a) varying the 
back pressure, (b) passing steam with the water, and (c) a static 
head above or undercooling before the orifice. The results of some 
of his tests, however, agree very closely with the results found in 
this investigation as shown in Fig. 2. In accordance with the 
theory, Bottomley assumed that, even though the actual flow was 
several times greater than the theoretical, there must be a critical 
pressure in the orifice; therefore, all of his tests were run with an 
atmospheric back pressure (14.7 psi abs), which was considered 
below the actual pressure in the orifice. The data obtained in the 
present investigation and presented in Fig. 7 do not show the 
presence of a critical pressure in the orifice, and the pictures in 
Fig. 11 seem to bear out the conclusion that, for the range of 
initial pressures included in this study, no critical pressure exists 
in the orifice. In other words, the change of state does not occur 
within the orifice. 

It is a well-known fact that the weight of steam which will flow 
through a nozzle is a maximum when the throat pressure is ap- 
proximately 58 per cent of the upstream pressure. A decrease of 
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back pressure below 58 per cent of the initial will have no effect on 
the flow. This, however, is not true for steam flow through a 
sharp-edged orifice, as is shown by the typical curves’ in Fig. 12. 
Fig. 7 shows a similar orifice characteristic for saturated water, 
which further substantiates the conclusion that no critical pres- 
sure will exist in a sharp-edged orifice passing saturated water, 
even though the pressure differential across the orifice is sufficient 
to cause flashing at the downstream face. Whether or not a 
critical pressure will exist in the throat of a nozzle passing satu- 
rated water cannot be determined from the results of this inves- 
tigation. 


NOZZLE 
ORIF ic, : 
rice 
™ 
u 
10.58 Pi Pi 
0 BACK PRESSURE —> 
Fic. 12. Typicat Curves SHowinG RevativE Flow or STEAM 


THROUGH ORIFICES AND NOZZLES 


An orifice, operating between fixed initial and back pressures, 
will pass a given amount of saturated water according to data in 
Fig. 7. If the amount of saturated water available is less than 
the orifice is capable of passing, a small amount of steam will flow 
through the orifice with the water. The amount of steam which 
will flow depends upon the initial pressure, the back pressure, and 
the quantity of water available. For instance, if the initial and 
back pressures are 145 and 40 psi abs, respectively, and the 
amount of saturated water to be passed is 2600 lb per sec per sq ft 
of orifice area, Fig. 9 shows that 0.02 lb of steam will pass through 
the orifice with each pound of water. From Fig. 8, it is seen that 
the water flow changes quite rapidly with an increase in steam flow 
from 0 to 0.04 lb per lb of water; however, for an increase in 
steam flow above 0.04 lb per lb, the change in water flow is much 
slower. This fact is-also shown in Fig. 9 where the curves crowd 
together as the steam-flow fraction increases. 

The curves shown in Fig. 7 are of the same general shape as the 
curve giving the flow of ‘cold’? water (70 F) through orifices. 
which is represented by the equation 


where Q = the flow in cu ft per sec, A = area in sq ft, h = head in 
ft of flowing fluid, and C = orifice coefficient. By substituting 


144 . 
wv for Q and — (p; — pz) for h, the equation takes the form 
p 


144 


in which w = weight of flow in lb per sec, p: = initial pressure in 
psi abs, pp = back pressure, v = specific volume of saturated 
water at p, in cu ft per lb, and p = density of saturated water at p; 
in lb per cu ft. The equation in this form applies readily to the 
flow of saturated water through sharp-edged orifices, and values 
for the orifice coefficient were found to be approximately the same 
as those for 70 F water. As in the case of cold water, the orifice 


5 ‘*Thermodynamics,” by J. E. Emswiler, First edition, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1921, p. 225. 
“The Leakage of Steam Through Labyrinth Seals,’”’ by Adolph 
Egli, Trans. A.S.M.E., vol. 57, 1935, pp. 115-122. 
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coefficient decreases with an increase in pressure differential 
(head) and orifice diameter. There is also some indication that 
the coefficient decreases as the initial temp -ature (saturation 
pressure) increases, The data are not complete enough, however, 


‘to make it possible to determine the numerical effect of a variation 


in orifice diameter or initial temperature. No attempt was made 
to correlate the orifice coefficients with respect to the diameter 
ratio since it was thought to be an unwarranted refinement in the 
design of throttling orifices for which the diameter ratios are 
usually low. Fig. 13 gives average values of the orifice coefficient 
for different values of differential head. These are considered 
sufficiently accurate for many design purposes, without correcting 
for effect of orifice diameter, initial temperature, or diameter ratio. 

Equation [2] and the orifice coefficients given in Fig. 13 may be 
used also to calculate the flow of saturated water through an 
orifice when there is a static head. In this case, however, the 
density of the water depends upon the temperature rather than 
the pressure at the orifice. 


Use or SinGLe-STaGE ORIFICES FOR DRAINING CONDENSATE 
From FEEDWATER HEATERS 


The two important functions performed by a float trap on a 
feedwater heater are draining the heater and maintaining the 
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THROUGH SHARP-EDGED ORIFICES 


proper pressure differential between the heater and the drain re- 
ceiver. The float-operated drainer performs these functions by 
means of a balanced valve, actuated by a float, which responds to 
changes in hot-well level determined by the quantity of drains. 
However, these two functions can be performed also by a fixed 
opening such as a pipe or an orifice and the size of the opening 
may be varied over a wide range without causing operating diffi- 
culty or appreciable thermal loss. For instance, the float-oper- 
ated trap on a certain heater failed to function at full load on the 
turbine because of the relatively high pressure drop across the 
trap valve and, in order to keep the turbine in operation, the 
heater was drained for several weeks through a 3-in. by-pass 
around the trap. In this case, since the 3-in. line was several 
times as large as needed for normal flow, considerable steam cas- 
caded to the next lower pressure heater with the drains. There 
was, however, no noticeable decrease in heater pressure or cycle 
efficiency. 

The trap on this heater has since been replaced by a */,-in-diam 
single-stage orifice which has been operating successfully for 
several months. The size of this orifice was determined for full- 
load condition on the turbine by use of the data given in this pa- 
per. At full load practically no steam is passed by the orifice but 
for two-thirds load, it is estimated that 0.015 lb of steam is passed 
with each pound of condensate. The method of determining the 


orifice diameter and the amount of steam passed at reduced loads 
is given in detail in the Appendix to this paper. 

Whether the turbine cycle efficiency will be affected adversely 
by cascading some steam between heaters at partial loads depends 
upon the relative energy drop from the throttle to each extraction 
point and to the condenser, the method of returning the heater 
drains to the feedwater circuit, and the relative amount of partial- 
load operation. 


Use or ORIFICES IN Series WitH TRAPS 


In cases which require the use of float-operated drainer traps to 
eliminate thermodynamic losses, due to cascading steam at par- 
tial loads, it may happen that an orifice installed on the down- 
stream side of the trap will overcome certain operating difficulties 
with the trap. In some instances, the large pressure difference 
between heaters at high turbine loads may cause so much unbal- 
ance in the trap valve that the float can no longer operate the 
valve with the result that the heater floods. When an orifice is 
installed in series with a trap, the pressure drop between the heat- 
ers is divided between the trap and the orifice. By properly de- 
signing the orifice, the drop across the trap can be reduced suffi- 
ciently to permit the float to operate. A method of designing an 
orifice to operate in series with a trap is illustrated in Appendix. 

While it is possible to use two orifices in series to drain feed- 
water heaters, it is doubtful whether in most cases they offer any 
advantages over the single-stage orifice. The design of two ori- 
fices to operate in series is much more difficult than the design of a 
single orifice and, in so far as the authors know, the quantity of 
steam passed at reduced loads on the turbine can be determined 
only by a cut-and-try method which is both involved and tedious. 


CONCLUSIONS 


When saturated water flows through a sharp-edged orifice, no 
flashing occurs until after the water is through the orifice and, 
contrary to the theory which is based on a change of state, no 
critical-pressure condition is evident. The quantity of saturated 
water that will flow through a sharp-edged orifice for given pres- 
sure conditions can be calculated with sufficient accuracy by the 
formula used to determine the flow of cold (70 F) water through an 
orifice and the discharge coefficients found for saturated water 
are approximately the same as those generally used for cold 
water. When calculating the flow of saturated water through an 
orifice, it is important to remember that the value of the head to 
use in the formula is the equivalent head in feet of water, based on 
the pressure drop across the orifice and the density of the satu- 
rated water. 

When a mixture of saturated steam and water flows through a 
sharp-edged orifice with given initial and back pressures a small 
variation in the amount of steam in the mixture within the range 
of 0 to 4 per cent has a considerable effect on the total weight of 
mixture and, consequently, on the weight of saturated water, 
flowing through the orifice. For mixtures in which the quantity 
of steam is greater than 4 per cent, a small increase or decrease in 
steam content has only a slight effect on the total weight of flow. 

While sharp-edged thin-plate orifices may be used to drain feed- 
water heaters in place of float-operated traps, it is probable that 
for reduced loads some steam will cascade through the orifice with 
the drains. No general statement can be made at this time con- 
cerning the effect on the turbine cycle efficiency of cascading 
small quantities of steam between heaters. Every case should be 
decided on its own merits. The necessary study will include con- 
sideration of the relative energy drop from the throttle to each 
extraction point and to the condenser, of the method of returning 
the heater drains to the feedwater circuit, and of the relative 
amount of partial-load operation. 

It is important to keep in mind that the data presented in this 
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paper were obtained from tests of sharp-edged thin-plate orifices 
and, therefore, do not apply to nozzles or short tubes. These 
data can be used to design a throttling orifice to drain a given 
amount of saturated or nearly saturated water from a receiver of 
higher pressure to one of lower pressure and to maintain a re- 
quired pressure in the former. No attempt should be made to 
use these data to design a metering orifice. If an orifice dis- 
charges into a low-pressure receiver through a pipe, the pressure 
loss in the discharge pipe must be taken into account in establish- 
ing the pressure differential across the orifice. In many cases, the 
pressure drop across the orifice will be only a fraction of the total 
drop between receivers, since a large part of the total may be re- 
quired in getting the flashing mixture of water and steam through 
the discharge pipe. A discussion of the flow of a mixture of 
saturated steam and water through pipes is beyond the scope of 
this study and will be offered in a subsequent paper. 
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Appendix 
NOMENCLATURE 


The following nomenclature is used in this Appendix: 
A = area of orifice, sq ft 

C = orifice coefficient of discharge 

d diameter of orifice, in. 

g acceleration due to gravity, 32 fpsps 
h static head, ft 

p = pressure, psi abs 

Q = flow of saturated water, cfs 

t 

v 

w 

p 


= temperature of water, F 

= specific volume of saturated water, cu ft per lb 
= flow of saturated water, lb per sec 

= density, lb per cu ft 


SINGLE-STAGE ORIFICE DEsIGN TO DRAIN FEEDWATER HEATER 


When determining the size of an orifice for a particular installa- 
tion, it is more convenient to use Equation [2] than the data pre- 
sented in Fig. 7, and it is important to keep in mind that the quan- 
tity of condensate to be drained from the heater will vary for a 
given load on the turbine as much as + 5 per cent, depending upon 
the variation in feedwater flow. From an operating standpoint, 
it is better to design the orifice too large rather than too small, and 
in practice it is reeommended that a hand-operated by-pass be 
installed to provide means for passing abnormal quantities of 
water in case of a split or broken heater tube. 


‘ 44 
In Equation [2] =pxC x = (p1 — 


assume the following values corresponding to full-load operation 

of a 75,000-kw turbine: w = 13.6 lb per sec; p,; = 236 psi abs 

(at saturation temperature); pi: — pe = 110 psi; p = 53.8 lb per 
14 


4 144 
cu ft; head = — (p:— pr) = 53.8 X 110 = 294 ft; C = 0.598 
p 


(refer to Fig. 13). 
© = 53.8 x 0.598 V/2g X 294 = 4450 Ib per 


A 
sec per sq ft and A ms 0.00306 sq ft; 
per sq 4450 8q It, 


Therefore 
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4 xX 144 X 0.00306 


d? 


= 0.561; d = 0.75 inches 


For two-thirds load on the turbine p; = 155 psi abs; pz. = 85 
psi abs; pi — p2 = 70 psi; and p = 55.2 lb per cu ft. 


144 w 
= — = ; C = 0.605; — = 55. : 
Head 55.2 X 70 = 183 ft 0.60. A 5.2 X 0.605 


V2 X 183 = 3620 lb per sec per sq ft; and w = 11.1 |b per sec. 

With the initial pressure and pressure differential at this load, 
the %/,-in. orifice is capable of passing 11.1 lb per sec of conden- 
sate. Actually from the heat-balance data, calculated on the 
basis of no steam flow from the heater, only 7.8 lb per sec of con- 
densate is available; therefore, for the existing pressure condi- 
tions some steam will pass through the orifice. Curves A in Fig. 
14, which were obtained by cross-plotting the data from Fig. 9 for 
a constant back pressure of 85 psi abs, show that with an actual 
flow of condensate of 2540 lb per sec per sq ft for 155 psi abs initial 
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pressure and 85 psi abs back pressure, approximately 0.015 lb of 
steam will pass through the orifice with each pound of condensate. 
After the approximate amount of steam passed through the orifice 
has been determined, a new heat balance can be made, taking into 
account the steam cascaded with the condensate. 

By comparing the partial-load heat rate of the turbine cycle 
using orifices with the heat rate at the same reduced loads when 
only condensate is drained from the heaters, the feasibility of us- 
ing orifices to drain the heaters for a particular turbine cycle can 
be ascertained. 


DESIGN OF AN ORIFICE TO OPERATE IN SERIES WITH A TRAP 


The example just given to illustrate the design of a single-stage 
orifice for draining a feedwater heater can also be used to show the 
design of an orifice to operate in series with a trap. In designing 
an orifice to operate with a trap, the first step is to choose a suit- 
able intermediate pressure which in this case could be 190 psi abs. 
The following design data are now known: p; = 236 psi abs; p; = 
190 psi abs; p, = 126 psi abs.; andw = 13.6 lb per sec. 

The drop in pressure through the trap from 236 to 190 psi abs 
causes part of the saturated water to flash into steam so that a 
mixture of 13.3 lb of water and 0.3 lb of steam or 0.0225 lb of 
steam per lb of water enters the orifice. Curves B in Fig. 14, 
which were obtained by cross-plotting and extrapolating the data 
from Fig. 9, show that, for an initial pressure of 190 psi abs and a 
back pressure of 126 psi abs, an orifice will pass 2200 lb of water 
per sec per sq ft plus 0.0225 lb of steam per lb of water. 


or 7 = 2200 lb per sec per sq ft; w = 13.3 lb per sec 


13.3 4 X 144 X 0.00605 
d A = —— 
an 2200 00605 sq ft; 


= 1.06 in. 
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Discussion 


F. O. EttENwoop.' This paper is of intense interest to the 
writer and probably to all engineers who are at all concerned with 
the flow of fluids through orifices. The experimental data pre- 
sented are valuable to those desiring to use orifices for draining 
feedwater heaters and also to those who are primarily concerned 
with the flow phenomena involved. 

Even a hasty glance at Fig. 2 of the paper will show that the 
measured flow of saturated water through a sharp-edged orifice 
is several times the amount indicated by the so-called ‘theoretical 
curve” which is presumably Bottomley’s theory. Unfortu- 
nately, this theory is not given in the paper, and the reference is 
not readily available. 

It seems to the writer that many engineering papers are some- 
what open to criticism when they simply refer to the so-called 
“theoretical values” without further explanation. In this particu- 
lar case, the measured rates of flow are undoubtedly correct to 
a reasonable degree of accuracy, while the Bottomley theory, 
whatever it may be, is certainly far from complete. 

Any theory concerning the flow of a fiuid through an orifice, 
when that fluid is a saturated liquid at entrance, may be made 
simple or complicated, depending upon how complete it is. If 
the velocity and density at the orifice could be calculated, it 
would be a simple matter to determine the rate of flow for any 
known orifice area. As a matter of fact, however, the velocity 
and density at the orifice are not simply and accurately calcu- 
lated. In all cases, the pressure in the orifice will be appreciably 
greater than that measured at a point considerably beyond the 
orifice. Just what portion of this total drop in pressure actually 
occurs in passing through a thin-plate orifice is hard to deter- 
mine, but it is probably of the order of 25 or 30 per cent. If 
there is any transformation of liquid into vapor before passing 
entirely through the orifice, the complete theory then becomes 
further complicated due to the difficulties of calculating the 
change in density, the effect of the two-phase velocities, and the 
energy available to produce velocity in the orifice. 


A. E. KirrrepGe.’ In commenting on this excellent paper, 
the writer feels that additional emphasis be placed on the fact 
that the results refer to and are limited to a thin-plate orifice. 

The difference observed between the results of this paper and 
those of Kittredge and Daugherty® are attributable to the differ- 
ence between streamline flow and turbulent flow, respectively, 
as applied to this particular problem. We tested a nozzle sub- 
ject to turbulent flow. The authors tested a thin-plate orifice 
subject to streamline flow. Complete turbulent flow represents 
one limit of the characteristic of the flow of saturated water and 
complete streamline flow represents the other limit of the char- 
acteristic of the flow of saturated water. 

As stated, the difference between the results previously ob- 
tained and those now observed is a difference resulting from the 
characteristics of turbulent flow as opposed to the characteristics 
of streamline flow. In a broad sense the writer believes this to 
be true but there are other elements, namely, time, mass, energy, 
and heat-transfer rate which very likely influence the existence 
or nonexistence of a critical pressure in the flow of saturated 
water. In contrast to the flow of an almost perfectly elastic gas 
or vapor, allowance must be made for the fact that saturated 
water is initially a much denser fluid; that the ratio of the specific 
volume at critical pressure to the initial specific volume is much 


* Professor of Heat-Power Engineering, Cornell University, Ithaca, 
Mem. A.S.M.E. 

’ Chief Engineer, Cochrane Corporation, Philadelphia, Pa. 

* “Discharge Capacity of Traps,” by A. E. Kittredge and E. F. 
Daugherty, Combustion, vol. 6, September, 1934, pp. 14-19. 
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greater for saturated water than for any ordinary gas or vapor; 
that the flashing of water involves a complete change of state, 
not just a readjustment of the pressure-volume relation; that 
the change in state involves heat transfer from the mass sur- 
rounding a bubble to the bubble formed; and that more time 
and more energy per unit volume of fluid are required to redis- 
tribute the mass of saturated water from its initial volume to its 
greatly enlarged mixed volume after flashing, as compared to the 
time and energy required per unit volume to redistribute the 
mass of a relatively light and nearly perfectly elastic gas or vapor 
from its initial volume to its moderately increased volume at its 
critical pressure. 

Turbulence and time contribute to all of these factors involved 
in the change of state between the initial pressure and the critical 
pressure. It is quite possible that, in the case of a thin-plate 
orifice, the completion of the change in state requires more time 
than elapses from the point of initial acceleration to the vena 
contracta of the orifice. In the authors’ experiment, orifice 
sizes, ranging from '/, in. diam to ’/s in. diam were used. Liquid 
velocities involved were of the order of 100 fps. If, in the case 
of a '/,-in-diam orifice, the acceleration of the liquid occurred in 
a distance of !/, in. the time available for changing state during 
the period of acceleration and pressure reduction was approxi- 
mately 0.0002 sec. 

In February, 1934, in addition to the '/,-in-diam nozzle just . 
described, we tested the application of our theory to a 4/;-in-diam 
standard iron pipe about 10 ft long. The existence of critical 
pressure was determined by locating a pressure gage on the pipe 
at the discharge end. The results verified logical theory. This 
particular test setup certainly provided turbulent flow. The 
writer would suggest that a worth-while research would be to 
establish the relation between hydraulic diameter and length of 
pipe line or nozzle required to develop full turbulence and full 
flashing in accordance with thermodynamic theory. 

The specific purpose of the present paper has been to deter- 
mine flow rate through thin-plate orifices, but the inspiration 
for the investigation and the broad purpose of the paper is to de- 
termine the possibility of using orifices for the drainage of stage 
heaters. In this regard, it is felt that the authors have missed a 
remarkable opportunity by failing to investigate the character- 
istics of turbulent flow. For the particular purpose of draining 
stage heaters, a turbulent nozzle, having a capacity with satu- 
rated water substantially directly proportional to the absolute 
pressure, is much preferable to a thin-plate orifice, having a ca- 
pacity varying as the square root of the absolute pressure. At 
the same time, the turbulent nozzle would have much lower ca- 
pacity under saturated water and much wider range of control 
due to static head on the inlet side. If operating engineers are 
determined to eliminate interstage traps, they should attack the 
proposition on the basis of a turbulent nozzle located a consider- 
able distance below the heater to be drained so that it may be 
subject to appreciable submergence on the inlet side. Submerg- 
ence on the outlet side does not matter since flashing of the liquid 
will so reduce the density on the outlet side that, with reasonable 
pipe sizes, the pressure on the discharge side of the turbulent 
nozzle will never be higher than the critical pressure. Apparently 
then, the ideal automatic drainage arrangement for stage heaters 
would consist of a U-seal arrangement with the two legs of about 
the same diameter and the crossover connection between the 
two legs consisting of a small-diameter tube developing turbulent 
flow. The crossover tube between the two legs of the U-tube 
connection might be not less than one half the diameter of the 
respective leg. 

The concluding paragraphs of the paper under discussion are 
rather vague regarding the applicability of the thin-plate orifice 
to the service of interstage draining of surface heaters but sug- 
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gests the possible use of a trap followed by an orifice. The 
writer would raise the question: If a trap is necessary why use 
the orifice? The trap in a full-open position is an orifice. This 
question is asked with particular reference to new installations 
and does not contemplate the possible expediency ‘of assisting a 
defective trap. 


S. P. Sotinac.? The authors have shown that, in the case of 
water, the actual flow of saturated liquid through orifices is 
greater than would be expected from theoretical considerations. 
Their graphical treatment clearly indicates how this occurs. 

The same behavior has been noted for the refrigerants dichlo- 
rodifluoromethane (Freon-12) and ammonia. Orifices sized on 
the basis of equilibrium conditions in the orifice proved several 
times too large. Quantitative results are not available for com- 
parison, as various amounts of vapors were passed with the liquid 
for different runs, the orifice readings being incidental to a test. 
No attempt was made to obtain data as comprehensive as those 
of the authors’ who are to be congratulated on their clarification 
of a puzzling problem. 


D. R. Yarnatu.!® In connection with this paper, it might 
be interesting to compare the conclusions with the trend of data 
obtained in the study of the flow of saturated and subcooled 
water through a rounded entrance orifice. This work was under- 
taken in the fall and winter of 1938-1939 by the research de- 
partment of the writer’s company and utilized a setup somewhat 
similar to that of the authors’. This orifice was connected to 
the mud-drum blowoff of a small high-pressure test boiler, us- 
ing distilled feedwater. 

The orifice used was 0.130 in. diam with a rounded approach of 
1/s in. radius, followed by a tubular section '/s in. long. A small 
pressure tap was drilled radially into the throat of the orifice to 


® Research Engineer, York Ice Machinery Corporation, York, Pa. 
Jun. A.S.M.E. 

1 Research Department, Yarnall-Waring Company, Philadelphia, 
Pa. Fellow A.S.M.E. 
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obtain some measurement of pressure conditions existing in the 
throat. 

The results obtained were in general consistent with the trend 
of flow values disclosed in the paper, being greatly in excess of 
flow calculations based on thermodynamic equilibrium. From 
practical equality with cold-water flow at low heads, the ratio of 
the flow of saturated-water to cold-water flow reduced to approxi- 
mately 0.6 at 50 psi abs; and further to approximately 0.5 at 
100 psi abs, where the ratio to cold-water flow remained essen- 
tially constant up to 300 psi abs, the highest pressure reached. 
The actual numerical flow values obtained for saturated-water 
flow through the rounded orifice (in lb per see per sq ft of orifice 
area), check within close limits of those given in the paper. 
However, when adjustment is made for differing coefficients, the 
flow through the rounded orifice will be considerably less in 
comparison. 

On subcooled water, isothermal-flow curves, Fig. 15 of this 
discussion, showed a tendency to parallel the cold-water-ca- 
pacity curve at pressures up to 200 psi abs. At higher pressures 
(between 200 and 300 psi abs) inconsistent results were obtained, 
the majority of observations indicating a marked drop in the 
rate of increase in flow with increased pressure. Due to capacity 
limitations of the apparatus and interruption of the investiga- 
tion, this trend has not been conclusively substantiated to date. 
It would be interesting to know whether there was any indica- 
tion pointing toward reduced capacity on subcooled water flow- 
ing through a sharp-edged orifice at pressures above 200 psi abs? 

It is gratifying to note the growing consistency of accumulating 
data on the flow of saturated water and it is particularly helpful 
from the practical standpoint to find a simplified approach to a 
phase of the subject such as the authors of this paper have so 
clearly outlined. It is expected that work on the flow through 
rounded entrance orifices will be resumed, concluded, and the re- 
sults submitted for publication shortly, in order that these find- 
ings may also contribute to the general subject matter. 

AvuTHORS’ CLOSURE 

The authors are extremely grateful for the interest shown by 
those who prepared discussions of their paper and feel that each 
discusser has added to the value of the paper by presenting his 
comments. The authors had hoped, however, that more interest 
would be shown in the possible application of these data in the 
design of orifices for specific uses, such as that of draining extrac- 
tion feedwater heaters as described in the paper. The authors 
would like to emphasize again the importance of that part of 
their paper on the assumption that this point may have been 
missed by many who are interested in design work involving the 
flow of saturated liquids. 

Regarding Professor Ellenwood’s criticism of the paper because 
the theoretical treatment was omitted, it should be remembered 
that the authors were required to meet certain space limitations. 
The theory given in Bottomley’s paper,’ which was referred to 
by the authors, merely assumes thermodynamic equilibrium in 
the orifice. We realize, and regret, that Bottomley’s paper is not 
widely distributed, but it is available in the Engineering Societies’ 
Library, New York, N. Y. As usual, Professor Ellenwood’s com- 
ments are welcome, and it is hoped he will be encouraged to con- 
tinue the theoretical study of the phenomena of the flow of a satu- 
rated liquid through orifices and ultimately report his conclusions. 

It is not clear to the authors what Mr. Kittredge means by 
“streamline” and “turbulent” flow in reference to this paper. 
Based on the usual Reynolds’ number criterion, the flows reported 
are definitely in the turbulent region. If Mr. Kittredge’s use of 
the term “turbulent’’ refers to a condition of flashing such as 
might occur in the downstream portion of a nozzle, or in the tail 
pipe immediately following an orifice, then the authors agree that 
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the results of the orifice tests would not apply. The paper spe- 
cifically states that the orifice results do not apply to nozzles or 
short tubes. In view of their test results, however, the authors 
are at a loss to know how a flashing mixture of steam and water 
is to be obtained in a sharp-edged thin-plate orifice supplied only 
with saturated water. As shown by the results in the paper, if 
steam is passed through the orifice with the water, the capacity 
of the orifice is considerably less than if water alone is passed, 
however, this mixture is not the result of flashing in the orifice. 

Mr. Kittredge’s comments on several of the differences between 
saturated water and an elastic gas are pertinent to a theoretical 
analysis of the problem and add considerably to the background 
of the discussions. In addition to these theoretical factors, it 
probably is true that surface tension also plays an important part 
in retarding the flashing of a saturated liquid. This factor was 
pointed out by Prof. M. C. Stuart and others in oral discussion. 

The authors are grateful to Mr. Kittredge for emphasizing the 
underlying purpose of the investigation. We feel that the prac- 
tical applications of thin-plate orifices deserve serious considera- 
tion by designing and operating engineers. However, regarding 
the charge that “a remarkable opportunity had been missed by 
failing to investigate the characteristics of turbulent flow,” the 
authors would like to say that an investigation of the flow of a 
flashing mixture of water and steam through pipes has been made 
and the results will be offered for publication later. These results 
were not included in the present paper because of lack of space and 
because the authors felt that each phase of this subject deserved 
the emphasis derived from a separate report. 

Mr. Kittredge’s suggestion of using a U-leg arrangement for 
draining feedwater heaters is basically sound, but the authors 
point out that one of the primary reasons for using orifices for 
draining heaters is that it is possible to install an orifice at the 
end of the cascade drain line and thus prevent erosion of elbows 
resulting from high velocities. This was mentioned in the 
“Introduction” of the paper as one of the important advantages 
of orifices over traps, and it is also one of the main advantages of 
the former over Mr. Kittredge’s U-leg arrangement. 

In answer to Mr. Kittredge’s question: “If a trap is necessary 
why use the orifice?”’ it is obvious from his own qualifying state- 
ment following his question that he already knows the answer. 
As is well known to plant operators and trap manufacturers alike, 


there is nothing uncommon about the failure of a supposedly non- 
defective trap to function properly under some operating con- 
ditions even though it was ‘‘designed for the job.” Where a trap 
needs assistance because the float is too small to overcome the 
unbalance in the trap valve, the use of an orifice in series is a 
simple, inexpensive expedient. 

Mr. Soling’s comments are most welcome in that they point 
out that saturated liquids other than water behave in the same 
general way as water when flowing through an orifice or valve into 
a region in which the pressure is lower than the saturation pres- 
sure. 

Mr. Yarnall is to be commended for publishing some of his 
test data. These data supply some of the information on the 
characteristics of flow of saturated water through a nozzle or 
short tube which were lacking in the authors results and, in this 
respect, his discussion is a distinct contribution. The authors do 
not understand why the bellmouth tube should have a relatively 
smaller capacity than a sharp-edged orifice, after correcting for 
differences in the cold-water-discharge coefficients. It may be 
that the relatively small size of tube used in Mr. Yarnall’s tests is 
responsible for the difference, either because of undisclosed fac- 
tors associated with the small physical size or because of difficul- 
ties involved in making the laboratory determinations. The 
latter possibility 1s indicated by the inconsistent results at high 
pressure differences. The marked drop in rate of increase of flow 
with increased pressure differential may indicate a critical pres- 
sure condition in the tube. This may be what Mr. Kittredge re- 
fers to as a turbulent condition. It would seem to the authors, 
however, that this drop in the rate of increase of flow would have 
been more pronounced with saturated water than with subcooled 
water, which is contrary to the indications of Fig. 15 of Mr. 
Yarnall’s discussion. In the authors’ tests the reduction in dis- 
charge coefficient for increasing pressure differentials with sub- 
cooled water was essentially the same as shown in Fig. 13 for 
saturated water. 

A recent communication from Prof. J. I. Yellott makes an inter- 
esting analogy between the so-called supersaturation in a rapidly 
expanding steam jet and the failure to flash in the saturated water 
jet. He says, ‘In a very rapid expansion, a substance in the liquid 
or vapor phase is apparently unable to change its phase rapidly 
enough to alter the flow characteristics of nozzles or orifices.”’ 
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Train Acceleration With Steam Locomotives 


By L. B. JONES,' ALTOONA, PA. 


This paper presents a study of the relation between the 
cylinder tractive force of high-speed steam locomotives and 
the energy required to accelerate trains of differing weights 
at various rates. Mathematical formulas for computing 
time and distance required for acceleration are presented 
in an Appendix. Consideration is given to some of the 
more important factors which limit cylinder tractive 
power. 


HE mathematics of acceleration of railway vehicles has 
been fully discussed in various textbooks and also in previ- 
ous papers presented before the Society; but for conven- 
ience of ready reference the fundamental concepts are herein re- 
viewed. Weights of locomotive and train are expressed in tons; 
and acceleration is expressed in terms of miles per hour per minute 
or per mile, to conform with the customary statistics of train 
schedules; in distinction to the common formulas of physics and 
mechanics expressed in terms of pounds, feet, and seconds. By 
this means, it is hoped to record data which will be helpful to 
operating officers as well as to designing engineers. Because the 
energy of acceleration varies with the square of the velocity, but 
only directly with the weight of the train, simple arithmetical! pro- 
portion is deficient when comparing different locomotives or 
different weights of trains at the higher speeds, and a graphic 
analysis is most useful to show what actually takes place. 
The force available for acceleration in the cylinders of the 
ordinary two-cylinder steam locomotive is expressed by the well- 
known formula 


C*PS 


where 7' = cylinder tractive effort, lb 
C = mean diameter of the cylinders, in. 
P = mean effective pressure, psi 
S = piston stroke, in. 
D = diameter of drivers, in. 


The formula contains three fixed dimensional values and only 
one value subject to variation with speed, i.e., the mean effective 
pressure. It therefore follows that, as this value is maintained or 
increased, the cylinder tractive force will be maintained or in- 
creased; which is the only force, on level track, available to ac- 
celerate the train. Therefore, the ability of a steam locomotive to 
accelerate a train rests with its mean effective pressure. 

In Figs. 1 and 2 are ghown cylinder-horsepower and cylinder- 
tractive-force versus speed curves for several locomotives, in 
which curve A represents a Pacific-type locomotive which has 
been performing satisfactorily in main-line passenger service for 
several years. " For purpose of this study, curves B, C, D, and E 
represent successive improvements in the mean effective pressure 
of this same locomotive, but for simplification the studies of train 
acceleration are confined to the minimum or present locomotive 
A, and the maximum or improved locomotive E. The latter has 
been selected as the maximum locomotive for this study because, 


: Engineer of Tests, The Pennsylvania Railroad. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of Tux 
American Soctety oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society, 


as shown in Fig. 1, the cylinder horsepower is maintained almost 
constant from 60 to 100 mph. While it is sufficiently in advance 
of current steam-locomotive practice to be called a “maximum” 
locomotive, it is by no means an “ultimate” locomotive because, 
if the mean effective pressure could be still better maintained as 
the speed increases, the horsepower would actually increase with 
the speed above 60 mph, as it now does below that speed. 

If yet greater power must be obtained, a glance at the formula 
previously given will show that the only recourse is redesign, or 
increase of one or more of the dimensional values. The advan- 
tages of improving the present locomotive, as compared with de- 
sign changes, involving increased weight and capital investment, 
are illustrated by the curves in Figs. 4 to 8, inclusive, which have 
been developed on the assumption that improved locomotive E 
has been produced from present locomotive A without any in- 
crease in weight. 

For this study, three trains weighing respectively 800, 1000, and 
1200 tons behind the tender have been assumed, and their gross 
resistances, based on the Davis formulas, are shown in Fig. 3. 
For simplicity, all calculations have been based on straight level 
track; the effect of grades, plus or minus, may be added or sub- 
tracted, and a similar correction may be made for curves. For 
purposes of comparing two or more locomotives, the assumption 
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of level track will answer as well as any other condition which 
might be selected. 

The curves involving speed, time, and distance were calculated 
from the tractive-force and resistance curves point by point and 
then verified by the mathematical formulas presented in the 
Appendix. In each case, the two methods checked very closely ; 
and it is evident that acceleration curves can be constructed by 
the formulas which will reflect the effect of changes in the trac- 
tive-power curve on the performance of the locomotive. Since 
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the curves are plotted for the minimum and maximum locomo- 
tives only, it is also evident that the performance of the inter- 
mediate locomotives, B, C, and D, can be studied from the curves 
by interpolation. It will be noted that the mathematical studies 
in the Appendix follow closely the methods of Professor Barrow 
(1).? 

Fig. 4 compares present locomotive A with maximum locomo- 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tive E, hauling three different trains, and Fig. 5 illustrates the 
same comparison based on distance. It will be noted that the 
higher sustained horsepower of the improved locomotive results 
in a reduction of both time and distance required to attain a given 
speed. 

These curves also serve to emphasize a point which must be 
borne in mind by operating officers, and that is the serious handi- 
cap of enforced slowdowns. Locomotive A with an 800-ton train 
requires approximately 2!/; min or 1'/; miles to attain 50 mph, 
and 6'/, additional min or 7!/2 miles to attain 80 mph; so that, if 
the train is slowed from 80 to 50 mph, 6!/, min or 7!/; miles are 
required to resume the original speed. This should not be con- 
fused with elapsed time, which would include also time lost in 
slowing down and running at reduced speed, items not covered 
by this investigation. 

Fig. 6 shows the force available for acceleration compared with 
speed. The locomotive has reached its maximum speed when the 
accelerating force becomes zero. To determine the maximum 
speed of the locomotives on a grade, it is only necessary to deter- 
mine the grade resistance of the locomotive and train and draw a 
horizontal line at the corresponding value. The intersection of 
the curves with the line so drawn will show the maximum speed 
on the grade selected. 

Fig. 7 shows a mathematical “race’”’ between locomotives A and 
E. Starting from the same point, with trains of identical weight, 
it will be seen that, at the end of 12 min, locomotive E is 2 miles 
ahead of locomotive A; and the gap widens rapidly due to the 
more rapid acceleration of the improved locomotive. 

Fig. 8 shows the effect of lightweight cars on the rate of ac- 
celeration. The weights of the two trains, with a given locomo- 
tive, are proportional to the time required to attain the same 
speed, and to the squares of the speeds attained in a given time. 
Therefore, it follows that, for a given maximum speed, the saving 
in schedule time by the lightweight train is confined to accelera- 
tion, and if there are no stops or speed reductions, the heavy 
train will require only a little more time to cover a given distance 
than the lightweight train. On the other hand, if there are 
numerous stops and slowdowns, the advantage of the lightweight 
train is multiplied. 

Fig. 9 shows tractive-force curves for steam, electric, and 
Diesel locomotives of equivalent-nominal-horsepower rating. 
Steam locomotive E from previous studies is compared with as- 
sumed electric and Diesel locomotives, the continuous motor 
rating and the Diesel-engine rating being used for the electric 
and Diesel locomotives, respectively. It is recognized to be 
common practice to take advantage of the overload capacity of 
electric motors while accelerating, which is a distinct advantage 
for an electric locomotive drawing its power from a trolley; but 
the Diesel is limited by the capacity,of its engine, and the overload 
possibilities of the steam locomotive are circumscribed by con- 
siderations of economy and good practice, at least in the prepara- 
tion of train schedules. A direct comparison of locomotives 
having such different characteristics is impossible, but the curves 
serve to illustrate the relative capacities for accelerating trains. 
They also demonstrate that the steam locomotive, with moderate 
improvement, is capable of taking rank with the best motive- 
power units. 

Fig. 10 illustrates an advantage of the improved locomotive 
with respect to the power output required for acceleration to a 
given speed. The kinetic energy of two trains of the same weight 
is the same for any speed; but the improved locomotive requires 
less time and distance to attain speed and, therefore, the energy 
required to overcome friction is less. Inasmuch as each loco- 
motive would have to cover the same distance in actual operation, 
this saving during acceleration is theoretical rather than real. 

Perhaps the greatest handicap of the steam locomotive is the 
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deep-rooted conservatism of American locomotive designers 
which has sentenced it to be a machine of two cylinders controlled 
by one valve apiece. The destructive dynamic forces which 
diverge from the line of power transmission, and the ineffective 
steam distribution have, it seems, become necessary evils, to be 
tolerated rather than faced. The author believes that these 
handicaps can be overcome, while still retaining for the steam 
locomotive the simplicity and flexibility which are its greatest 
assets. The maximum locomotive EF has been assumed as a two- 
cylinder locomotive, conventional in all respects but valve action; 
and it seems probable that no satisfactory arrangement of cylin- 
ders to eliminate counterbalances and dynamic augments can be 
developed until a satisfactory valve action has been perfected. 
But regardless of the number and arrangement of the cylinders, 
the mean effective pressure will continue to govern the output; 
and the following additional assumptions have been made: 

(a) Minimum pressure drop from boiler to steam chest. The 
superheater and pipes should afford free passage to the steam, for 
while steam which expands without doing work is raised in tem- 
perature, it is pressure which does the work in the cylinders. 

(b) Adequate steam-chest volume. The opening of the ad- 
mission valve results in equalization of pressures in the steam 
chest and cylinder; and at high speeds the surge of steam pressure 
from the pipes and header does not reach the steam chest until 
the valve has closed. The result is a maximum indicator-card 
pressure far below boiler pressure, and an average admission pres- 
sure yet lower. Meantime, the steam entering the chest at high 
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velocity builds up a surge pressure which may go 50 lb above 
boiler pressure at its peak, but drops to normal before the next 
valve opening. An adequate steam-chest volume is, therefore, 
essential to hold up the admission line on the indicator card; and 
also to insure a uniform velocity of steam through the superheater 
and pipes. 

(c) Well-designed exhaust passages. The ideal passage would 
pass the steam to the nozzle at maximum velocity and minimum 
back pressure; but since both are impossible of attainment in the 
same passage, a uniform cross section of smooth proportions is 
desirable. Too large an exhaust passage operates as an expansion 
chamber which has to be choked at the nozzle to produce draft, 
with resulting high back pressure against the piston in the center 
of its stroke, where it is most damaging to the mean effective 
pressure. 

(d) Large exhaust nozzle, which is only possible with an effi- 
cient front end. 

(e) Proper steam distribution. This specification eliminates 
the one-piece reciprocating valve, and requires separate admission 
and exhaust valves so arranged that cutoff may be shortened 
without advancing the other valve events. Various valve ar- 
rangements which meet this requirement more or less perfectly 
are extensively used in Europe and we would do well to profit by 
their experience. Experiments now under way in this country 
may lead to successful results. 


Appendix 
EQUATIONS FOR ACCELERATING FORCE 


When the tractive-force-speed curve of a locomotive is known, 
the curve for train resistance of any given train can be subtracted 
and the result is the accelerating-force-speed curve for the com- 
bined locomotive and train. 


Let F = accelerating force for entire train, lb 
a = acceleration, mphps = 1.467 fpsps 
W = weight of train, including additional percentage to 
provide for energy of rotation, tons 
V = speed, mph 
L = distance traveled to reach any speed, miles 


W xX 2000 


M = mass of train = 30.2 


t = time to reach any speed, min 
A, B,C, D, Ki, Ke, and K; are constants 


Since a 
M X 1.467 
F X 32.2 
2000 X W x 1.467"? 
21.95F 
or a 2000W 0, = dt 
dt 2000W 21.95F 
91.1Wdv 
ad = ———_ 
F 
The time, ¢ to reach any speed is 
91.1W dv 
F [1] 


The distance L traveled in miles to reach any speed is dL = 
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K,Vadt where K,, is the constant required to make the relation 
true. 


1.467 
5280 
1.467 X 91.1WVdv 

5280F F 


or L = 0.02533W [2] 


The constant of integration required to make the equation true 
for a known condition will be called D. 

Knowing the relations shown by Equations [1] and [2], it only 
remains to write the equation for speed V and tractive force F for 
the train, from which equations showing the time and distance to 
reach any speed can be derived. 

The force of acceleration is maximum at starting. As long as 
the engine can be run in full gear, the accelerating force falls off 
from its original value by an amount which is proportional to the 
square of the speed. The general equation for this relationship is 


1.467 


kK, so dL = — Vat 
5280 


dL 


where Fy equals starting tractive force and K:, = constant re- 
quired for any particular curve. This condition holds for a pas- 
senger train until a speed of about 30 mph is reached, following 
which, changed cutoff and other conditions give quite a different 
curve. The curve changes from convex to concave in the 30- 
mph speed range (sometimes referred to as the critical range). 
Therefore, two equations are required for every speed-accelerat- 
ing-force curve. 

To simplify the actual calculations, Equation [3] was not used 
for the accelerating-force-speed curves but the equation was 
changed to 


Fo 
= 
1 + K,V? 


It is obvious that the substitution of the value of F in Equa- 
tions [1] and [2], as given by Equation [4], is much more easily 
handled than the substitution which Equation [3] gives. The 
substitution of Equation [4] in Equation [1] gives 


91.1W 
60F 


(1 + K;3V*)dV 


which can be very quickly solved. 
The substitution of Equation [3] in Equation [1] gives 


dV 
60 Fyo— 


which is much less convenient. 

When constants K, and K; are chosen so that Equations [3] 
and [4] match at 0 and 30 mph, the intermediate points are close 
enough to give the correct time and distance for all speeds. 

As an example, the following table shows how Equations [3) 
and [4] compare, for a case where the accelerating force equals 
44,000 lb at starting and 36,000 lb at 30 mph. For Equation [3] 
the equation is 


F = 44,000 — 8.88V%, or Ky = 8.88 


for Equation [4] 


44,000 
1 + 0.0002468 


F y or K; = 0.0002468 


t 


q 

q 
dv 

x 

; 
3 
4 
ey 

2 
F = Fo— K,V?............ 

: 

ise 3 
: 
t= 4 
aa 
| 

Pinte, 

I 
; 
bet 


JONES—TRAIN ACCELERATION WITH STEAM LOCOMOTIVES 435 


Accelerating force, |b——~. 


Speed Equation [1] Equation [2] 
0 44000 44000 
10 43120 43000 
20 40480 40050 
30 ; 36000 36000 
35 33100 33550 


It is apparent that for all practical purposes the two equations 
are equivalent, so the one most readily usable should be chosen. 

The curve for the higher speeds, which is the more important, 
is found by two steps. The first step is to note that if a tangent 
TT, to the tractive-force-speed curve SS, is drawn, the difference 
in ordinates of the tangent and the curve, when plotted on rec- 
tangular coordinates, forms a very good parabola, Fig. 11. The 
next step is to write the equation of this parabola. When the equa- 
tions of the tangent and parabola are added, the result is the 
equation of the tractive-force curve. This curve always has 
the form 


In most cases, where a well-chosen point of tangency is used, 


the curve of Equation [5] fits the actual curve very closely. Al- 
most any point of tangency gives good results. 


S| 


Fig. 11 


Substituting the values of F in Equations [4] and [5] in Equa- 
tions [1] and [2] gives 


Fo 
which holds good to 35 mph, above which 


t= dv 
60 AV?+BV+C 


60 VB—4AC + B+ 
+ D....[7] 


which holds good above 30 mph, and allows a short overlap with 
the curve of Equation [6] in the critical range. 

The time ¢ is calculated by Equation [6] for the lower speeds; 
then D is calculated to make the time ¢ correct at 35 mph in 
Equation [7]. 


For distance L 


2 
L= = 
0 


from Equations [2] and [4] 


+ K3V*)de 


L 


_ 0.02533W /V? K;V* 
Fo 2 4 


which is good up to 35 mph. For high speeds 


Vdv 
L = 0.025 
+BV+C 


2.303 X 0.02533W 
2A 


L 


(1 (AV?+ BV +C) 


B 2AV + B—+/B?— 4AC 
2AV + B + ~/B?— 4AC 


It is noted that AV? + BV + C = F at any speed so F, can be 
substituted for AV? + BV + C in the foregoing equation which 
gives 


2.303 X 0.02533W B 
2A log — 4AC 


2AV + 4AC 

log — 44C + D..[9] 

24V + B+ 

where D makes L correct for 35 mph, according to Equation [8]. 
Equations [7] and [9] would not be applicable if the quantity 

B? did not exceed 4AC, but B* must always exceed 4AC, other- 


wise no speed could be reached where there would not be some 
accelerating force. The maximum speed is found when 


F =0orAV?+ BV +C =0 


2c 
then V= — 4AC) [10] 


Inspection of Equation [10] shows that if 4AC were greater 
than B?, the maximum speed would have no limit. 

The application of Equations [7] and [9] is quite simple because 
the quantity V/ B* — 4AC which is easily computed repeats itself 
so frequently. The quantity (AV? + BV + C) is really F, at 
any speed, and the quantities B + JV B*? — 4AC for a large group 
of curves can be conveniently arranged in a table. Then to 
obtain Equations [7] and [9], it is simply a matter of substituting, 
and calculating the particular constants of integration, which give 
the correct time and distance at 35 mph, as obtained from the 
more elementary Equations [6] and [8]. 

Ten cases were solved along the foregoing lines. They were 
for trains hauled by the present passenger locomotive A and the 
improved passenger locomotive EZ, using 800-, 1000- and 1200-ton 
trains, a loaded 10-car passenger train made up of heavyweight 


L 


_ ears, and a loaded 10-car passenger train made up of lightweight 


cars. 
The following table shows the make-up of the trains: 


Condi- No. of Weight of Gross weight (W) weight ins for kinetic 
wheels an: 


tion cars cars,tons oftrain,tons energy o axles, tons 
1 12 800 1065 1098 
2 15 1000 1265 1303 
3 18 1200 1465 1507 
4 10 592 858 891 
5 10 730 1045 1077 


. 
L 0.02533W 
3 
4 
3 
3 
; 
7 
4 
3 
4 
ver 
ones 
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The equations for the various curves may be listed as follows: 


Case 1, condition No. 1; present locomotive A: 
Below 35 mph 


44000 
1+ 0.00045V?2 


t = 0.03785V + 0.00000568V* 
L = 0.000316V? + 0.000000071V * 


F 


Above 30 mph 
F = 2.9V?— 869V + 54000 
1228 — 5.8V 
= 10. —————— — 4.014 
it = 10.66 log 510 —58V 0 
1228 — 5.8V 


— 62.34 


L = 11.02 log F, + 26.68 log 


510 — 5.8V 


Case 2 Condition No. 2; present locomotive A: 
Below 35 mph 
44000 

1 + 0.000455 V? 

t 0.045V + 0.00000684 V* 

L = 0.000375V2 + 0.000000085 


F= 


Above 30 mph 
F = 4.21V* — 1069.5V + 59530 
1447 — 8.42V 
t = 12.07 log $92 — 8.42V — 3.68 
1447 — 8.42V 


= 9. — §1.22 
L = 9.017 log F, + 25.55 log 692 — 842V 5 


Case 3 Condition No. 1; improved locomotive E: 


Below 35 mph 


1 + 0.000317? 


t 0.03785V + 0.0000039V * 
L = 0.000316V? + 0.000000049 V 


F= 


Above 30 mph 
F = 3V* — 887V + 59350 
1160 — 6V 
t = 14.06 log 614—6V — 3.72 
1160 — 6V 
L = 10.663 log F, + 34.64 log 614—6V — 60.44 


Case 4 Condition No. 2; improved locomotive E: 
Below 35 mph 


1 + 0.00036? 

t = 0.045V + 0.0000054V* 

L = 0.000375V? + 0.0000000675V* 


F 


Above 30 mph 
F = 2.26V* — 804V + 55770 
1181.4 — 4. 
t = 12.07 log 5.19 


426.6 —4.52V 
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1181.4— 4.52V 


L = 16.8 log F, + 35.79 log 766—450V ~ 95.47 
Case 5 Condition No. 3; present locomotive A: 
Below 35 mph 
1 + 0.00052V? 
t = 0.052V + 0.000009V* 
L = 0.000435V? + 0.000000112V* 
Above 30 mph 
F = 4.883V? — 1142V + 59400 
5 — 9.766V 
t = 13.89 log ee a — 4.02 
L = 8.992 log F, + 27.09 log = ae — 51.04 


Case 6 Condition No. 3; improved locomotive E: 
Below 35 mph 
44000 
1 + 0.000417V? 
t = 0.052V + 0.0000072V* 
L = 0.000435V? + 0.00000009V * 
Above 30 mph 


F = 0.5332V? — 607.7V + 49854 
1120.5 — 1.0664V 


F 


= 10.28 1 11 
= 10.28 log 9 — 1.0664V 
1120.5 — 1.0664V 
L = 82. d — 491. 
82.37 log F, + 97.62 log 94.9 — 1.0064V 91.57 
Case 7 Condition No. 4; present locomotive A: 
Below 35 mph 
F 
1 + 0.0004V? 
t = 0.0305V + 0.00000407V* 
L = 0.000254V? + 0.000000051 V 
Above 30 mph 
F = 2.52V* — 795.8V + 51860 
1128.2 — 5.04V 
t = 9.305 log 463.4 — 5.04V — 3.59 
128.2 — 5: 
57.71 


L = 10.231 4.41 


Case 8 Condition No. 5; present locomotive A: 


Below 35 mph 
44000 
1 + 0.000395 V? 


t = 0.0372V + 0.0000049V* 
L = 0.000323V? + 0.000000061 V * 


F 


Above 30 mph 
F = 3V*— 870V + 54000 
1200 — 6V 
t = 11.42 log 340 —6V — 3.94 
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L = 10.468 log F,, + 27.60 log eae — 59.09 
Case 9 Condition No. 4; improved locomotive E: 
Below 35 mph 
1 + 0.00031 V? 


0.0305V + 0.00000316V* 


F= 


t 


L = 0.000254V? + 0.00000004 V * 


Above 30 mph 

F = 1.76V2— 684V + 53800 

982.5 — 3.52V 

= 10. 
982.5 —3.52V 

= 14.65 log F, + 33. 
65 log F, + 33.57 log —3.52V 


Case 10 Condition No. 5; improved locomotive E: 
Below 35 mph 


44000 


Pa 
1 + 0.000318V? 


t = 0.0372V + 0.00000395V* 
L = 0.000323V? + 0.000000049 V ‘ 
Above 30 mph 
F = 2.4875V? — 792V + 57274 
1054.5 — 4.875V _ 
529.5 — 4.875V 


1054.5 — 4.875V 
529.5 — 4.875V 


t = 14.35 log 


4.11 


L = 12.88 log F, + 38.87 log 


72.40 
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Discussion 


H. B. Oat.ey.* This paper presents, in easily understand- 
able form, some of the essentials in the consideration of increased 
steam-locomotive power at the higher speeds which are today 
necessary. The thesis set forth is one in which the writer can 
heartily concur. There is only one point to which he would 
like to direct attention. It is the stress laid upon enlarged steam 
areas throughout the path of the steam from the dome to the ex- 
haust-nozzle tip. 

Chapelon, in his comprehensive analysis‘ of the steam loco- 
motive, the essential part of which has been so ably presented 
in English by Lawford H. Fry,® has indicated the increased 
capacity resulting from careful attention to the question of more 
ample steam path. In the path of the steam as here considered, 
the fact must be kept in mind that all of the passages, with the 
exception of the superheater units, are of metal having a lower 
temperature than that of the steam carried. The superheater 
units, however, in part surrounded by gases at temperatures of 
upward of 1500 F, must be recognized as severely stressed parts. 
The steam velocity through these units is an important factor in 
preventing rapidly destructive conditions and it is essential that 
adequate steam velocity must be provided. 

In the early days of the superheater, when materials less heat- 
resistant were available, steam velocities with the single-loop 
superheater were many times noticeably low; and the rapid de- 
terioration of superheater units soon led to modified designs 
which provided higher steam velocities and better protection to 
the metal of the units. Today, with improved alloy steels, it is 
the practice to design for lower steam velocities than would 
otherwise be permissible, but it must be recognized that, even 
with these improved materials, too low steam velocities will re- 
sult in unduly short life of this portion of the steam path. Like 
most important features in an engineering structure, there must 
be a compromise and all factors must be fairly evaluated. On 
one hand there is the desirability of the maximum output; on the 
other hand, the initial cost and maintenance, as well as the losses 
which may be incurred in repairs, must be considered. 


L. K. Stricox.* The author has presented, in intelligent 
and consecutive form, an example of the problem that is re- 
current in both operating and mechanical departments of rail- 
ways, i.e., the estimation of locomotive performance in terms 
of cars, tonnage, and speed. It is understood that the locomotives 
compared, designated A and £, are identical in principal dimen- 
sions and that the cylinder-horsepower performance of locomo- 
tive E has been achieved by securing a higher mean effective 
pressure in the cylinders by reducing pressure drop between 
superheater header and the cylinders, and by so modifying the 
valve events that an increase in negative work is not a function 
of short cutoffs at high speed. 

The writer would expect that locomotive E indicates some 
hypothetical performance which locomotive A can never be re- 


3 Vice-President, The Superheater Company, New York, N. Y. 
Mem. A.S.M.E. 


‘ “La Locomotive A Vapeur,’’ by André Chapelon, published by 
J. B. Bailliere et Fils, Paris, 1938. 

5“The Evolution of the Locomotive in France,’’ by Lawford H. 
Fry, Railway Mechanical Engineer, vol. 112, 1938, pp. 473-475; vol. 
113, 1939, pp. 1-5. 


§ First Vice-President, The New York Air Brake Company, Water- 
town, N. Y. Mem. A.S.M.E. 
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constructed to produce economically. For instance, if the 
boiler will supply steam to deliver 4500 cylinder horsepower at 
100 mph with a high degree of efficiency, its very size must be a 
burden to locomotive A which can do no better than a little more 
than 3400 hp at 60 mph. If maximum tractive effort is the 
same in either case, the same weight on drivers would serve 
either locomotive. The large boiler of locomotive E would de- 
mand more weight on idle axles. 
Tractive effort expressed as 


D 


represents in simple form the average torque of a two-cylinder 
steam locomotive. Deduct total train resistance and it is a 
measure of accelerating capacity but is not an accurate and pre- 
cise expression, because an equivalent mean effective pressure 
cannot be utilized to utmost advantage, bearing in mind the 
variation in instantaneous values of cylinder pressure during ad- 
mission and expansion of steam, the effective lever arm of the 
couple which turns the main driving wheel on that side, and the 
manner in which the forces developed by two engines, operating 
90 deg out of phase, combine. Increased mean effective pressure, 
however it may be obtained without proportionate increase in 
steam consumption or wider variation in extreme pressures, is 
desirable. The actual shape of the composite indicator card for 
both sides of the locomotive as it affects uniformity of torque 
also is important as disclosed by Fig. 12 of this discussion. 

Since driving-wheel torque must be variable, there is a question 
as to the possible use which may be made of the peaks in ac 
celerating force. At low speeds, surges are felt and at each surge 
some energy is wasted through movement of friction-draft-gear 
elements. This dissipation determines the number of cars 
through which the surge is discernible. If only the spring ele- 
ments of the draft gears are affected a substantial part of the 
stored energy may be recovered. Maximum and minimum 
tractive efforts, developed from indicator cards, have been meas- 
ured at 125 per cent and 76 per cent of the average values de- 
rived from the combined efforts of both engines at starting in 
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full gear and at 30 mph, 73 per cent cut off. Obviously, no in- 
crease in mean effective pressure, secured by increasing instan- 
taneous high pressures at crank positions which now are asso- 
ciated with the highest maximum torques, would be effective. 
At the same time, minimum torque occurs when the crankpins 
are at or near the center and quarter positions. At these points, 
any reduction in negative work, represented by compression and 
preadmission, is highly beneficial in the direction of useful and 
uniform tractive effort. Thus, a valve gear, which will provide 
independent timing of separate events, will be of considerable 
value in smoothing out the torque curve, quite independently of 
its effect upon mean effective pressure. 


AvuTHOR’s CLOSURE 


Mr. Oatley has rightly called attention to the necessity for 
proper balance in all things, particularly in the steam locomotive. 
It is fully recognized that freer steam and gas passages should not 
be realized at the expense of either superheat or tube maintenance. 
It is rather the author’s contention that our enthusiasm for 
evaporative surface and superheat has combined with increasing 
demands on the capacity of the locomotive as a whole in such 
a way as to swing the balance away from adequate areas. Steam 
and gas passages which were sufficient twenty or thirty years ago 
are too restrictive today, and our conceptions of proper balance 
must therefore submit to some overhauling. 

Mr. Sillcox has pertinently pointed out that increased mean 
effective pressure without increase in boiler pressure can be 
brought about by eliminating negative work. Bearing in mind 
that the greatest improvement is realizable at the higher speeds, 
a large increase also comes from improved admission-valve action 
and later exhaust opening, which combine to increase the positive 
work available from the same amount of steam. 

When this improvement in the cylinder cycle is supplemented 
by a higher average steam-chest pressure and a lower average 
exhaust back pressure brought about by refinements in other de- 
tails of the machine, locomotive E is no longer a hypothetical 
case but becomes an attainable reality. The same boiler will 
serve because the steam delivered to the cylinders is the same in 
both cases. © 
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Discharge Coefficients of Long-Radius 
Flow Nozzles When Used With 
Pipe-Wall Pressure Taps 


By H. S. BEAN,! S. R. BEITLER,? anv R. E. SPRENKLE®* 


For the last six years, the Special Research Committee 
on Fluid Meters has been conducting a research on flow 
nozzles. In previous papers relating to the program, the 
Committee’s plans for carrying out the research were 
outlined (1),4 and some of the results obtained have been 
presented (2, 3, 4). In the present paper, the results of 
determinations of coefficients of long-radius nozzles when 
used with pipe-wall taps® are given, as based on a combina- 
tion of separate analyses by the three authors. Later 
papers will extend the results to other conditions than 
those considered in this paper. 


INTRODUCTION 


S WAS pointed out in one of the earlier papers (1), there 
A is no one laboratory with facilities for making the required 
tests on flow nozzles over the entire range of conditions 
which it was desired to cover. Furthermore, by distributing 
the tests among several laboratories, more or less overlapping 
would occur, which would tend to furnish information on the 
agreement between the results of tests by the different labora- 
tories on the same nozzle; in some cases using the same sections 
of piping. In addition, such data would provide a basis for 
estimating the tolerance to be assigned to the coefficient values 
for use in commercial metering of fluids. Since it is impossible 
to determine, from the smoothed results as here given, the por- 
tions contributed by the different laboratories, it is appropriate 
to list them and to indicate the range of conditions covered by 
their tests, so that due recognition may be given to their several 
contributions. This is done in Table 1. 


Meruop or ANALYSIS 


For the purpose of the present paper, the essential result from 
each test is the relation between the discharge coefficient and the 
Reynolds number. The discharge coefficient is defined (5) by 


CD? 
in which w = actual rate of flow, lb per sec 
Cc coefficient of discharge 


8 diameter ratio, D,/D, 


' Chief of Gas Measuring Instrument Section, National Bureau 
of Standards, Washington, D.C. Mem. A.S.M.E. 

* Associate Professor of Mechanical Engineering, The Ohic State 
University, Columbus, Ohio. Mem. A.S.M.E. 

* Hydraulic Engineer, Bailey Meter Company, Cleveland, Ohio. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

® As here used, the term “‘pipe-wall taps’ applies to pressure taps 
connected to the pipe wall with the inlet-pressure tap located 1 pipe 
diam ahead of the nozzle-inlet face, and the outlet pressure tap about 
‘/2 pipe diam following the nozzle-inlet face, but in no case beyond 
the outlet end of the nozzle. 

Contributed by the Special Research Committee on Fluid Meters 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


D, = inside diameter of approach section of pipe, in. 
D, = diameter of nozzle throat, in. 


p: = absolute static pressure on inlet side of nozzle, 
psi 

~2 = absolute static pressure on outlet side of nozzle, 
psi 

p: = density of fluid based on inlet pressure and 


temperature, lb per cu ft 


The Reynolds number R,, applying to the nozzle throat di- 
ameter, is given by 


V2Dep; 48 w 
while Rp, applying to the pipe diameter, is given by 
ViDiei 48 w 


99 Re 


c c 
30 000 500 000 TO00 000 0.2 0-4 
R, A 
A_ Typical set of curves for one C- tyes set of curves for one size 
nozzle, plotted from actual test dete. pipe, ived from the “A” curves. 


99 


200 000 


G-— Typicol set of cusves for one value D- Typical set of curves for one pipe 
of 9 showing effect of pipe size, size, derived from “C” curves. 
derived from “B” curves. 


99 $000 905 
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ANALYZING FLow-Nozz_e Test Data 
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V. = average fluid velocity in nozzle throat, fps 
mw. = absolute viscosity of fluid at inlet pressure and 
temperature, lb per ft per sec 


From Equations [2] and [3] it will be seen that 


a relation which will be referred to again. 

The first step in the analysis of the results was to plot all the 
values of C determined for any one nozzle, against the corre- 
sponding values of the Reynolds number. A smooth curve was 
then drawn to represent the locus of the test points as closely 
as possible, as illustrated in A, Fig. 1. When more than one 
laboratory calibrated a given nozzle, the results from each labora- 
tory were plotted separately, or with distinguishing marks. 
Smooth curves were then drawn to represent the results from 
each laboratory. Finally, a single curve was drawn to represent 
what the analyst believed to be the most probable average of all 
the data taken on that one nozzle. The result of this step was 
that an average curve was obtained for each nozzle tested. 

Next, from the average curves for all nozzles tested in any 
one size of pipe, values of C were read off corresponding to some 
even value of the Reynolds number and these were plotted against 
the diameter ratio. Smooth curves were then drawn to connect 
the points for like values of the Reynolds number as in B, Fig. 1. 
This process was repeated for each different size of pipe in which 
nozzles were tested. Asa matter of detail, it may be mentioned 
that it was usually necessary to cross-plot back and forth several 
times before sufficiently smooth curves were obtained in both the 
A and B plots. 
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For an even value of the diameter ratio, values of C at a given 
Reynolds, number were read from each group of B curves and 
plotted against pipe diameter (or the reciprocal of the pipe 
diameter). In this manner groups of curves were obtained for 
each selected value of the diameter ratio, as shown in C, Fig. 1. 
These curves show the change in the coefficient due to pipe size. 
While this effect was small and rather irregular, it was deemed 
desirable to give it some consideration in this analysis. 

From these sets of curves, giving the effects of pipe size, values 
of the discharge coefficient were read for a single pipe size and 
plotted against Reynolds’ number. Smooth curves were readily 
drawn through the points for the same diameter ratio, and thus 
for each pipe size was formed a family of curves giving coefficient 
against Reynolds’ number for even diameter ratios, as illustrated 
in D, Fig. 1. Each of these families of curves was extrapolated 
to a Reynolds number RF, of 5,000,000, in order to meet the condi- 
tions in many present-day plants, particularly power plants where 
very high steam temperatures and velocities are used. 

It will be noted that the curves in group D are similar to those 
of group A, but are much smoother and more evenly spaced. The 
analysis could have been ended here, and this set of D curves 
used to present the final results. However, it was the authors’ 
belief that most users of flow nozzles would find it more con- 
venient to have available curves in which the coefficient is plotted 
against diameter ratio. Accordingly, the final step was to make 
cross-plots from the D curves, thus giving curves of C for con- 
stant Reynolds’ numbers against diameter ratio, as shown in 
E, Fig. 1, a separate set of curves being made for each pipe size. 

As already mentioned, each of the authors made independent 
analyses of the data, following the general procedure outlined. 


TABLE 1 


gboratories in_ Which Flow Nozzle Tests Were Made ond Range of Condition 


red 


Number Fluid 
Pipe |Nozzles 


inches | Tested 


Size of Range of Diam- 


eter Ratios 


aboratory 


min 


Range of Reynolds Numbers 


Tests Made or 
Supervised by 


Reference Meas- 
Rp urement by 


Bailey Meter Co 13 to  .80|water} 6600 
18 OOO 


Cornell University, Hyd- water 
23 600 


draulic Laboratory 


3 000 


Cornell University, Sibley 


water 
School of ME 


General Electric Co. Tur- steam]! 17 400 


bine Research Dept. 


6 000 


Ingersoll-Rand Co. Test- 
51 000 


air 
ing Dept. 
Massachusetts Institute of 

Technology, Dept. of ME 


steom 


National Bureau of 


water 
Standards 


Ohio State University, 
Dept. of 


University of California 
Dept. of 


University of Oklahoma, 
School of M. E. 


NUM BON Dow 


University of Pennsylvania, 
Dept. of C. E. 


HUM 


870 000) 22 000 1090 tank 


39 700 
97 600 


12 700 
25 400 


R. E. Sprenkle 


633 O0Olvolumetric to 
2357 000 


670 OO0O0|weigh tank 
781 OOO} 


Prof. E.W. Schoder, 
A. N. Vanderlip 


294 000 
1 O12 000 


Profs F.G. Switzer 
& W.C. Andrae 


400 000) 
596 000 


| 377 000/243 000 1690 condense'e® % Buckland, 


C.u Walker 


59 500} 24 000 
386 000200 000 


34 900 


119 OOOlimpact tube 
| 700 000 traverse 


R.W. Johnson, 
R.E. Hunn 


257 200meighed condensat@Prot. J.H. Keenan, 
W. J. Lindsey 


1290 
2 900 
3 260 
28 400 


4 200 
160 000 


H.S Bean, F.C. Morey, 
H. Wagner, H.P. Bean, 
B. OConnor 


768 O0O|weigh tonk 
734000} " 
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There was, however, more or less variation in the details of per- 
forming the several steps. For example, in plotting the original 
test data in the first step, either Rp or R, may be used as the ab- 
scissa coordinate. Also, it was sometimes more convenient to 
use the logarithm of the Reynolds number, or to plot on semi- 
logarithmic coordinate paper. Whichever Reynolds’ number 
was used in the first step was used ordinarily throughout the 
succeeding steps. However, for the final comparison, only one 
was used, in this case R,. This means that, when Rp was used 
in the first four steps, it was necessary to apply Equation [4] to 
the curves in D, Fig. 1, before cross-plotting to obtain the final 


441 
| 
9 Thvoot Reyngids 
— 
090 COD 
od. sop 000 
| | | 4 
8 97, i 
| | 
3 4 5 7 


Diameter Ratio, 9 


Fic. 5 DiscHarce CorrFricients oF Lonc-Rapius Nozz_es IN 
6-In. Pipe 
(Refer to note Fig. 2.) 


99 
= sap 00d 
3.9 
97} 
> | 1 000 
6 | 
a 4 & a 
Diameter Ratio, 
Fig. 6 DiscHarce oF Lonc-Rapius Nozzles IN 
8-In. Pipe 
(Refer to note Fig. 2.) 
| 
99 = Throat |Reyndids 
Numier, 4 
re) 5 090 000 
IS 20) coq 
| } 
| 
| 009 
= 
2.96 | = 4 
a 
Diometer Ratio, A 
Fie. 7 DiscHarGe CoErFFICIENTS OF Lone-Rapius Nozz_es IN 
10-IN. Pipe 


(Refer to note Fig. 2.) 


set of E curves. This shifted each curve in D to the right, but 
by different amounts, the lower the diameter ratio the greater 
the amount of shift. It is evident that this alters the shape 
of the curves which are obtained in the final step by cross-plotting 
the D group of curves. 

Furthermore, each author used his own estimation of the weight 
to be placed on the results from the different laboratories, par- 
ticularly when two or more laboratories calibrated the same 
nozzle. These three individual sets of curves were then com- 
pared, line by line and the arithmetical mean taken as the basis 
for the curves herein presented. 
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CogEFFICIENTS FOR LonG-Rapius FLow TOLERANCES, 
AND RaNGE OF APPLICATION 


The average curves obtained from the three analyses are shown 
in Figs. 2, 3, 4, 5, 6, and 7, applying to flow nozzles in 2-, 3-, 
4-, 6-, 8, and 10-in. pipes, respectively. These curves con- 
stitute the Committee’s recommendation on the values of dis- 
charge coefficients for the long-radius or elliptical type of flow 
nozzle when the inlet-pressure connection is located 1 pipe diam 
preceding the inlet face of the nozzle, and the outiet-pressure 
connection is '/; pipe diam following the inlet face of the nozzle. 

The average difference between the results reported here and 
any one of the three individual analyses is about +0.2 per cent, 
while the maximum difference is about 0.5 per cent. However, 
between the results reported by different laboratories on tests of 
the same nozzle, the differences were as much as 1 per cent to 1.5 
per cent, even when the same sections of pipe had been used. As 
a rule, the differences were larger at the low Reynolds numbers 
than at the high. Therefore, the authors suggest that, in the 
use of these nozzle coefficients, a tolerance (i.e., the probable range 
uncertainty) of +0.75 per cent be allowed at Reynolds’ numbers 
Rz of 500,000 and over, with 3-in. pipe and larger. At lower 
values of R, and with 2-in. pipe, the tolerance should be +1 
per cent. 

While the coefficient curves for all six pipe sizes have been 
extended up to a diameter ratio of 0.85, it is recommended that 
the use of diameter ratios in excess of 0.8 should be avoided 
wherever possible. The reasons for this recommendation are 
(a) the test data for diameter ratios over 0.8 were less extensive 
and more irregular than for the lower values of the ratio; (b) 
the slope of the curves is increasing rapidly in the 0.8 to 0.85 
region, and the errors due to any uncertainty in the calculation 
of the diameter ratio or to reading the coefficient value from the 
curves will be greater than at the lower values of 8. 

A careful comparison of the curves for use with the different 
pipe sizes will show there is very little change in the value of the 
coefficient with pipe size, particularly with the larger pipes. 
Any further change in coefficient values with pipe size above a 
10-in. pipe will probably be very slight. Therefore, it is sug- 
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gested that for nozzles in pipes larger than 10 in. the coefficient 
curves for 10-in. pipe may be used without introducing any ap- 
preciable error. 
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Discussion 


W. A. Carter.® In connection with the graph showing the 
large spread of discharge coefficient of a certain flow-nozzle in- 
stallation plotted against the Reynolds number, which appears in 
the authors’ closure to this paper, it is noted that the installation 
involved corner taps. 

The writer believes the authors will agree that such installa- 
tions are much more susceptible to erratic performance than are 
those having the pressure taps located 1 pipe diam upstream and 
1/, pipe diam downstream from the nozzle inlet, which latter is a 
type of installation with which the paper is concerned. 

Corner taps are known to be dependent upon the width of the 
pressure-slot opening if the I.S.A. nozzle design is employed. A 
small variation in the thickness of the gaskets may seriously 
affect the nozzle coefficient. 


W. W. Joxunson.’ Inasmuch as the data given in this paper 
supply authoritative values of nozzle-discharge coefficients over a 
wide region, where heretofore only meager information has been 
published, the paper will be greatly appreciated by engineers 
having flow problems to handle. 

In order to clarify certain questions which have arisen will the 
authors supply answers to the following: 

Are the coefficients given in the paper for low-ratio or high- 
ratio nozzles, as defined in “Instruments and Apparatus,” part 5, 
chapter 4,° or both? 

What rules were followed in regard to wall thickness of the test 


® Technical Engineer, Power Plants, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

7 Research Engineer, Turbine Engineering Department, General 
Electric Company River Works, Lynn, Mass. Mem. A.S.M.E. 

8 Information on Instruments and Apparatus, Part 5, Chapter 4, on 
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Plates, published by The American Society of Mechanical Engineers, 
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nozzles, and what would be the effect on the coefficients if rela- 
tively heavy walled nozzles were used? 

Why have the coefficients not been given for throat Reynolds’ 
numbers less than 50,000 and what, in general, was the result of 
the tests at the lower range of Reynolds’ number? 


W. V. Kina.® Two high-ratio flow nozzles for unit No. 7 at 
Waterside Station No. 2 of the Consolidated Edison Company 
have been calibrated at Ohio State University by 8. R. Beitler. 
The results of these calibration tests present an interesting dis- 
cussion to this paper because they tend to substantiate the opin- 
ion of the authors that it is difficult to predict the coefficient of 
flow nozzles with diameter ratios above 0.8 to any reasonable 
degree of accuracy. 

Both of these nozzles were designed for 700,000 lb steam flow 
per hr at 1300 psi pressure and 925 F temperature. To limit the 
differential head to 212 in. of water at rated steam flow, it was 
necessary to use flow nozzles with a diameter ratio of 0.8366. 

The Reynolds number on these nozzles, corresponding to rated 


® Assistant Engineer, Consolidated Edison Company, Inc., New 
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steam flow, is 10,000,000, equivalent to nearly 3 times the maxi- 
mum Reynolds number obtained on test with water. Therefore 
it was necessary to extrapolate the calibration tests by a method 
which appears to give the most accurate determination of coef- 
ficient at design conditions. This basis of extrapolation is the 
relation that the logarithm of the actual water flow plotted 
against the logarithm of differential head is a straight line. The 
method of extrapolation is explained as foliows: 

1 All test points were corrected to a constant temperature; 
the differential head by a factor equivalent to the ratio of water 
densities, and the actual water flow by a factor equivalent to the 
square root of the water-density ratio. To minimize the magni- 
tude of these corrections, the variation of water temperatures 
during test was confined to 5 deg for nozzle No. 59535 and to 3 
deg for nozzle No. 59534. 

2 The equation of a straight line expressing the relation be- 
tween the logarithms of actual flow and differential head is log 
Q = A + B log h, where A is the intercept and B is the slope of 
that line. The equation of the best line through the test points 
can be calculated most accurately by the method of least squares, 
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logh + NA = ZlogQ 


ZA log h + =B (log h)? = = log Q log h 
where N is the number of test points. 


3 Since the coefficient of discharge is equivalent to the actual 
water flow divided by the theoretical flow (Q = KVh), it isa 
simple mathematical procedure to determine the logarithm of the 
coefficient in terms of the logarithms of differential head, actual 
water flow, and Reynolds’ number which are all straight lines. 

The final calibration curves on these two nozzles are presented, 
first, to indicate the apparent accuracy of extrapolation and then 
to show the difference in discharge coefficient between two nozzles 
with the same diameter ratio of 0.8366. 

The coefficient curves for nozzle No. 59535 installed in a bored 
tube do not vary from any test point by more than 0.1 per cent 
and the curve is the best average of the test points. Unfortu- 
nately, the coefficient curves for nozzle No. 59534, installed in an 
unbored tube, pass through four test points, fall under two 
test points by approximately 0.15 per cent, and lie above one test 
point by approximately 0.35 per cent. With the exception of 
one test point, the calibration-test accuracy falls within 0.15 per 
cent of the faired curves. 

A comparison of these coefficient curves indicates that nozzle 
No. 59534 has a coefficient approximately 2 per cent greater than 
nozzle No. 59535, and also that the coefficient for nozzle No. 59534 
is relatively flat compared to the coefficient for nozzle No. 59535. 

Experience with high-ratio flow nozzles has prompted the 
following comments on paper: 

1 The plotting of a smooth curve, representing the locus of 
test points, by an arithmetical average may be sufficiently accu- 
rate when the spread of points from the faired curve is not ex- 
cessive and when the test covers the entire range of Reynolds’ 
numbers. Whenever an extensive extrapolation is required, it is 
preferable to use the method of least squares in averaging the test 
points. 

2 The straight-line relation between logarithms of flow and 
head discloses that a plot of the logarithm of coefficient against 
logarithms of differential head, actual water flow, and Reynolds’ 
number also have a straight-line relation. Therefore, any direct 
plot of coefficient against Reynolds’ number might introduce in- 
accuracy, provided the coefficient curve has a steep slope and test 
points cover a great range of Reynolds’ number. 

The authors are to be commended on presenting these extensive 
test data on flow nozzles in such a concise manner. Due to the 
tremendous amount of work necessary in preparing this paper, 
the methods used by the authors in extrapolating and averaging 
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coefficient curves appear to be the most suitable that could be 
applied under the circumstances. This discussion has been pre- 
sented to introduce additional data on the higher-diameter-ratio 
nozzles and to show what appears to be a more desirable method 
of extrapolating test data on coefficient of discharge to procure 
the greatest accuracy possible. 


W. S. Parpoz.” From an inspection of the graph giving the 
coefficient curves of high-ratio flow nozzles, with pipe taps, which 
appears in the closure to this paper, it is suggested that the 
authors might do well to consider the use of throat taps for high- 
ratio nozzles. 

Fig. 11 of this discussion shows the test of an 11.064 x 
9.346-in. flow nozzle with throat taps. The coefficient curve is 
quite normal and is flat from Reynolds’ number 200,000 up. 


AutTuors’ CLOSURE 


Mr. Carter refers to Fig. 12 of this closure which shows the re- 
sults of tests on large-diameter-ratio nozzles when corner taps 
were used. The purpose of this illustration is to emphasize the 
difficulty of correlating the results when there is so much scatter- 
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ing. It is for the reason that there is more scattering with corner 
taps, as mentioned by Mr. Carter, that this particular plot is re- 
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produced. It may be added that the location of the pressure 
taps, as between corner taps and pipe-wall taps, is more impor- 
tant than the nozzle-entrance forms, as represented by I.S.A. 
and long radius. 

In reply to Dr. Johnson’s questions, as shown by the curves 
in Figs. 2 to 7, inclusive, of the paper, the coefficients given cover 
diameter ratios all the way from 0.2 to over 0.8, so that they 
apply to both low-ratio and high-ratio nozzles, as these terms 
were originally defined by the committee. The meanings of the 
terms “low-ratio” and “high-ratio” are clearly defined and illus- 
trated in Fig. 131! of this closure. It should be noted that the 
nozzle proportions given in Fig. 20 of Dr. Johnson’s reference® do 
not correspond exactly to those given in Fig. 12 just referred to. 
The most important difference is in the length of the parallel 
portion of the throat. Except for a few nozzles loaned to the 
committee, the length of the throat section of all nozzles did not 
exceed the 0.6D. shown in Fig. 13 of this closure. Of course, 
with the I.S.A. nozzles that were used, this throat section is even 
shorter. 

It has been known for some time!* that a long throat section 
will result in lowering the value of the discharge coefficients 
slightly. This will be particularly true as the throat diameter is 
decreased. Therefore, it cannot be expected that the coefficient 
values given in the present paper will apply exactly to small- 
diameter nozzles if made with as long a throat section as is called 
for by Dr. Johnson’s reference. It is unfortunate that such a 
discrepancy should exist between values given in papers by two 
committees of the Society. The authors do not know the source 
of Fig. 20 of that report. However, as one of the authors is a 
member of the subcommittee which prepared the former report, 
he accepts his share of the responsibility for the difference be- 
tween the two figures. 

As to the wall thickness of the nozzle throat there was no gen-. 
eral rule. For the larger-diameter-ratio nozzles, there was the 
requirement that there be some clearance (over !/i. in. diam) 
between the outside surface of the nozzle throat and the inner 
surface of the pipe. The purpose of this clearance is to provide 
fluid passage to the outlet-pressure tap when this is “under’’ the 
nozzle throat. This made it necessary to have the throat-wall 
thickness about !/s in. for some of the larger nozzles for 4-in. and 
smaller pipe. For most of the nozzles the throat-wall thickness 
ranged from about °/i. in. for 2-in. pipe to 5/s in. for 8- and 16-in. 
pipe. So far as the authors know, the principal advantage of a 
thick wall is to diminish the possibility of the nozzle being dam- 
aged or deformed in handling. 

The authors believe that the range of Reynolds’ numbers 
covered in the present paper probably meets 75 per cent or more 
of the cases in commercial use. Moreover, there is much less 
scattering of the test data in the higher Reynolds’ number range 


‘t Reproduced from paper, ‘‘Research on Flow Nozzles,” by H. 8. 
Bean, Mechanical Engineering, vol. 59, 1937, Fig. 1, p. 501. 

‘2 “Measurement of Flow of Air and Gas With Nozzles,” by S. A. 
Moss, Trans. A.S.M.E., vol. 50, 1928, paper APM-3, pp. 1-10; dis- 
cussion by H. S. Bean, pp. 13-15. 
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so that it was easier to obtain agreement over that region. 
Therefore, it seemed advisable to present this much of the re- 
sults so users could have the benefit of it. As shown by Table 1 
of the paper, some data were obtained for throat Reynolds’ 
numbers of less than 100 and these results will be presented in a 
later paper. However, the spread of coefficients at low Reyn- 
olds’ numbers is much greater than for the region here con- 
sidered, so that they will be subject to a much larger tolerance 
than given for these results. 

As to Professor Pardoe’s suggestion, some eight to twelve 
nozzles provided with throat taps were used in the research 
program, although none was much if any over 0.5-diam ratio. 
Two of the nozzles were equipped with four pressure holes at 90 
deg. With both of these, the results were more or less different 
with each pressure hole. While such a limited number of tests 
is insufficient as a basis for a final conclusion, it does strengthen 
the authors’ belief that placing a pressure hole in a nozzle throat, 
where the fluid velocity past the hole is the highest, adds to the 
difficulties of obtaining reproduceable conditions. Moreover, 
except where the nozzle is of the solid-block type, the use of a 
throat tap adds considerably to the cost of construction. 

Mr. King has shown a method which may be followed where it 
becomes necessary to extrapolate far beyond the range of the 
test data. The authors agree that, if practicable, for such cases, 
it is always better to use a method of plotting which results in 
straight lines. 

However, it should be pointed out that there are but scant pub- 
lished data to support the assumption that the actual flow is: 

Q = Kh", where n is a value different from the theoretical 
value of 0.5, which is the assumption upon which this straight 
line is drawn. It is also apparent that, if the curve is to be used 
for extrapolation, the head scale is being extrapolated 9 times its 
highest reading if the quantity and Reynolds’ number curves are 
being extrapolated to 3 times their value. 

These facts seem to indicate that Mr. King’s suggested method 
requires more proof as to its accuracy before it can be accepted 
as the best method of extrapolation of these data. 

Referring to the difference in coefficients between Mr. King’s 
nozzles No. 59534 and No. 59535, the authors believe this illus- 
trates the desirability, not only of keeping the ratio of throat 
diameter to pipe diameter at or below 80 per cent whenever pos- 
sible, but also of boring the pipe so as to make the pipe surface 
concentric with the nozzle throat and as smooth and free from 
local irregularities as possible. Naturally, the effect of such sur- 
face roughness and eccentricity is greatly minimized with nozzles 
of small diameter ratio, but quite likely to be magnified as the 
diameter ratio increases. 

In comparing the shape of the coefficient curves of these two 
nozzles in Fig. 10 of Mr. King’s discussion, it must be remembered 
that twice as much data were taken on the bored-pipe nozzle No. 
59535 as with the unbored-pipe nozzle No. 59534; and that, had 
a slight amount of data been taken with nozzle No. 59534, the 
shape of its coefficient curve would likely have been much the 
same as the curve for the bored-pipe nozzle. 
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This paper presents an extension of Von Karméan’s 
analysis of heat transfer to fluids in closed conduits, based 
on the analogy between heat transfer and momentum 
transfer. For a particular ideal system, an expression for 
the temperature distribution in a fluid in turbulent mo- 
tion being heated or cooled inside of a circular pipe is de- 
rived and a relation is obtained between Nusselt’s modulus 
and the pipe-friction factor for “‘isothermal’”’ heat trans- 
fer. This equation is extended to apply in cases in which 
the physical properties of the fluid vary across the section 
of the pipe. The apparent variation of the dimensionless 
distance parameter y* with ratio of wall viscosity to 
laminar sublayer viscosity and Reynolds’ number is ob- 
tained. A comparison between the equation developed 
in the paper and the Nusselt empirical equation, in- 
cluding the constants evaluated by Dittus and Boelter, 
is made. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = constant in empirical equation for viscosity 
A = area perpendicular to heat flow, ft? 

Ay = inside surface area of pipe, ft? 

= exponent in empirical equation for viscosity 
= unit heat capacity of fluid, Btu/lb deg F 

C = constant 

D = diameter of pipe, ft 

f= 


friction factor for flow in pipe, dimensionless 

Si unit thermal conductance between pipe and fluid, 
Btu per (hr) (sq ft) (deg F) 

= gravitational constant, ft/hr sec 
= thermal conductivity of fluid, Btu per (hr) (ft?) 
(deg F/ft) 
Prandtl mixing length, ft 
natural logarithm 
exponent of Re in empirical heat-transfer Equation 
[2]; also subscript indicating mean temperature 
exponent of Pr in Equation [2]; also subscript denot- 
ing location of thermal resistance 
radial rate of heat transfer, Btu per hr 
radial rate of heat transfer through pipe wall, Btu/hr 
distance from center of pipe to any point, ft 
radius of pipe, ft 
temperature at any point y, deg F 
fluctuating component of temperature, deg F 
temperature at outer edge of laminar sublayer, deg F 
temperature of pipe wall, deg F 
average axial velocity of flow at any point y, fps 


3 
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u: = velocity at edge of laminar sublayer, fps 


u’ 


Umax 


Umean 


y2* 


Al 


Remarks on the Analogy Between Heat 
Transfer and Momentum Transfer 


By L. M. K. BOELTER,! R. C. MARTINELLI? FINN JONASSEN? 


fluctuating component of axial velocity, fps 
average axial velocity at center of pipe, fps 
mean velocity of flow based on rate of discharge and 


pipe area, fps 
u 


fluctuating component of velocity perpendicular to 
axis of pipe, fps 
distance from wall, ft 
distance from wall to outer edge of laminar sublayer, 
ft 

distance from wall to outer edge of buffer layer, ft 


dimensionless “velocity” parameter = 


To 
dimensionless “distance” parameter = @/— y/v 
p 


dimensionless parameter fixing dimensions of laminar 


sublayer = \" yi/v 
p 


dimensionless parameter fixing dimensions of buffer 


layer = \" y2/v 
p 


difference between temperature of pipe wall and any 
point y, deg F 
difference between temperature of pipe wall and center 
of pipe, deg F 
difference between temperature of pipe wall and aver- 
age (mixed) temperature of fluid, deg F 
eddy diffusivity, ft?/sec 
weight density of fluid, lb/cu ft 
Karmén constant = 0.4 
viscosity of fluid, lb-sec/ft? 

viscosity of fluid at temperature ¢,, lb-sec/ft* 
mean fluid viscosity in laminar sublayer, lb-sec/ft? 
viscosity of the fluid at the temperature t,, lb-sec/ft? 
kinematic viscosity of fluid, ft?/sec 
kinematic viscosity of fluid at temperature t,, ft?/sec 
function which fixes velocity at edge of laminar sub- 
layer 

density of fluid, (Ib sec*)/ft* 

unit shear at any point y, lb/ft? 

unit shear at wall, lb/ft? 

function 

k 
Nusselt’s modulus of laminar sublayer 
Nusselt’s modulus of buffer layer 
Nusselt’s modulus of turbulent core 
Nusselt’s modulus of any of three fluid layers 
Prandtl’s modulus = yc,g/k 
Prandtl’s modulus at temperature ¢, 
Prandtl’s modulus at mean (mixed) fluid temperature 


Reynolds’ modulus = times Do 
Reynolds’ modulus at mean (mixed) fluid temperature 


Nusselt’s modulus = 


a 
@ 
a 
y 
= 
i 
4 Ye = 
a 
Atm 
q 
y= 
ag 
Py 
4 
Nu 
Nw 
a r= 
P 
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Re 
fang 
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TRANSACTIONS OF THE A.S.M.E. 


INTRODUCTION 

Application of the theory of similarity to the differential equa- 
tions of heat transfer and fluid flow yields the result that for heat 
transfer from a fluid to a solid boundary in similar systems a rela- 
tion 

Nu = $(Re, Pr) 
will exist. The function ¢ may be formulated from experimental 
data and, for purposes of design, an empirical expression of the 
form 

Nu = CRe™Pr" 
is normally employed. 

Reynolds (1),* and later Prandtl (2), G. I. Taylor (3), and von 
Karm4n (4) have attempted to deduce the form of the function 
¢ analytically for turbulent flow by comparing the exchange of 
momentum and of heat. Reynolds dealt with a purely turbulent 
system in which exact similarity between temperature and ve- 
locity fields was postulated (i.e., Pr = 1). Prandtl and G, I. 
Taylor extended the analogy to other values of the Prandtl 
modulus Pr by introducing a concept which included a laminar 
sublayer and a turbulent core. Von Karman defined a buffer 
layer (of particular characteristics) which was located between 
the laminar layer and the turbulent core. 

An attempt is made by the authors of this paper to provide an 
extension of the ideal system of von Karman. In this ideal 
system, the resistances to heat transfer from a solid boundary to 
a fluid consist of the following: 

1 A laminar sublayer in which viscous forces predominate. 
The heat is transferred through this sublayer by conduction only. 

2 A “buffer” layer in which both viscous and eddy forces are 
important and through which heat is transferred by both thermal 
conduction and eddy diffusion. 

3 Acore of fluid in which eddy forces predominate. The heat 
is transferred in the core by eddy motion only. 

The rate of heat transfer per unit area and the unit shear at 
any point in the system may be expressed as follows: 

Rate of heat transfer 
per unit area 
dt 


dy 


Unit shear‘ 
Laminar 
sublayer 
Buffer 
layer 


Turbulent 
core 


Acyy 
q 
Acyy 


GUIS 


3 Numbers in parentheses refer to the Bibliography at end of paper. 
4 See Note 1 of Appendix. 
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For Pr = 1 the temperature and the velocity fields are similar. 
The evaluation of the unit shear and the rate of heat transfer 


require a knowledge of the velocity gradient = at every point 
ay 
in the system. 


“TsorHERMAL” Heat TRANSFER IN A CIRCULAR PIPE 


For circular pipes, the experimentally determined velocity 
distribution may be correlated (7) by plotting the parameter 


To 
\" 
p 


yt = 


against ‘ 


One curve is obtained for all magnitudes of Reynolds’ modulus, 
Re. This plot is shown in Fig. 1. 


pt 
u’-55+25 Iny’ 
| | 

TT +—+ + 

u'-305+500 In y” 


DATA OF NIKURADSE 


Fic. 1 Vevociry Distrisution Across a Pipe, REPRESENTED BY 
MEANS OF GENERALIZED COORDINATES 


The following equations express the velocity distribution in 
the three fluid layers: 


Laminar sublayer (0 < y* S 5) 
Buffer layer (5 < y+ < 30) 
Turbulent core (y+ = 30) 


ut = y* 
ut = —3.05 + 5.00 ln y/* 
ut = 5.5 + 2.5 In yt 


du 
These equations allow the determination of a, at any point 


in the flow system. The thermal resistance of each of the fluid 
layers may be calculated from the equations relating u* and y*. 
The necessary operations are given in Table 1. The following 
specifications of the ideal system are to be added to those listed: 
1 All fluid physical properties are independent of temperature; 
i.e., “isothermal” heat transfer is postulated, 


THERMAL RESISTANCES 
[IN OMENSIONLESS FORM_| 


INTEGRATED FORN OF At 


TURBULENT CORE | 
| 


A+ AREA PERPENDICULAR TO HEAT FLOW AT ANY y 
§*FRICTION FACTOR 
THERMAL CONDUCTIVITY OF THE FLUID 
l=PRANOTL MIXING LENGTH 
9*RATE OF HEAT TRANSFER (RADIAL) AT ANY y 
=RADUS OF PIPE. 
t+TEMPERATURE OF FLUID AT ANY POINT y YeUNIT WEIGHT OF FLUID 
UsVELOCITY AT ANY POINT 
Y*DISTANCE FROM THE PRANDTUS MODULUS 
\y=DISTANCE FROM WALL TO EDGE OF LAMINAR SUBLAYER us 
U*DISTANCE FROM WALL TO EDGE OF BUFFER LAYER 
GPUNIT HEAT CAPACITY OF FLUID ‘ wy 
-Q°RATE OF HEAT TRANSFER (RADIAL) AT y «0 = 

PIPE yr 
y 


« =EDOY DIFFUSIVITY 
« KARMAN CONSTANT«040 

v *KINEMATIC VISCOSITY OF FLUID 
p DENSITY OF FLUID 

SHEAR AT ANY POINT y 

SHEAR AT WALL 


AREA OF 
L* LENGTH OF PIPE 
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2 The shear is constant in both the laminar sublayer and 
buffer layer, Fig. 2. 
PIPE WALL 


LAMINAR SUBLAYER 


BUFFER LAYER 


| 


Fic. 2.) Unit-Suear DistriputTion Across Pipe 
(As employed in ideal system presented in this paper.) 


3 The rate of radial heat flow per unit area is constant except 
in the turbulent region where it varies linearly to zero at the 
center. The postulate may be shown to be very nearly the case 
by performing a heat balance on a differential annulus of fluid. 

4 The mixing length J, in the turbulent region is defined (8) 
by the equation 

V1l—~y/ro 
Experimental evidence reveals that this equation does not repre- 
sent the facts. However, Prandtl (9), in effect,’ by making the 
same idealization, adequately represented the velocity distribu- 
tion in a pipe. 

5 The velocity gradient z is not zero at the center of the 
pipe. This is a well-known weakness of all present-day loga- 
rithmic expressions for velocity distribution. 

From Table 1 the total resistance to heat transfer may be ob- 


tained 
3 
1 1 
Nu Nu, 
Using values of y+ = 5 and y.+ = 30, which are reasonable from 
an inspection of the data in Fig. 1, the final result is 


f 


Nu 8 


Re Pr 
5 E + In (1 + 5Pr) + 0.5 n= ¥{| 


Nu 


Pr is based on the temperature difference 


between the pipe wall and the center of the pipe. Experimental 
results are always based on an average fluid temperature. Thus, 
to compare Equation [3] with experimental values, the right side 
should be divided by the ratio 


[3] 


This expression for 


Almean 
Atmax 
The temperature-difference ratio expressed in Equation [4] may 
be determined analytically from Equation [3]. 
The thermal resistance from the wall to any point y, located 
in the turbulent core, is given by 


® See Note 2 of Appendix. 
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The resistance to the center of the pipe is 


Thus the temperature distribution in the turbulent core is 
given by 


Rev 
Pr+m(1 +5P) + 05m 


R 
Pr +n (1 + 5 Pr) 


A plot of the temperature distribution for various magnitudes 
of the Prandtl modulus Pr at Reynolds’ modulus Re equal to 
10,000 is shown in Fig. 3. 


At 


LAMINAR SUBLAYER £ 
+ = BUFFER LAYER ' 

— 


o2 04 10 

Fie. 3 Prepicrep TEMPERATURE DISTRIBUTION Across PiPE 
SecTion FOR VaRIOUS MAGNITUDES OF PRANDTL MopULUS aT 
REYNOLDs’ NuMBER = 10,000 
(Prediction is based upon Equation [7].) 


The velocity distribution (10) is given by the equation 


Rey Jif 
5.5 + 2.5 ln 


Umax Re 

5.5 + 2.5ln — @&— 

5.5 + n 8 
At a value of Pr = 1 the temperature distribution should be 
identical with the velocity distribution. Setting Pr = 1 in Equa- 


tion [7] 
Rey 
5.45 + 2.5 ln 


8 
Atmax 
8 
which agrees favorably with Equation [8]. 
The mean temperature may be obtained graphically from the 
velocity and temperature distributions. Thus for an incom- 
pressible fluid 


5.45 + 2.5 ln 


Curves of this expression for several magnitudes of Re are repre- 
sented in Fig. 4. Inclusion of the effect of compressibility within 
the range of magnitudes employed by the experimenters quoted 
in this paper yielded results which did not differ appreciably from 
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\ 
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Te} 100 1000 100 
PRANOTLS MODULUS 
Fie. 4 Ratio or MEAN TO Maximum TEMPERATURE DIFFERENCES 
AS A FUNCTION OF PRANDTL MopULUS FOR REYNOLDS’ NUMBERS = 
5000, 10,000, anv 100,000 
(Refer to Equation [10].) 


those of Equation [10]. Thus, for comparison with experimental 
data, Equation [3] becomes 


Nu 8 Almean 


RePr f 
5 E + In (1 + 5 Pr) +05 | 


Plots of this expression for various magnitudes of Re are shown 


10° 


DATA OF COLBURN COGHLAN PR-048 
* DATA OF COLBURN & COGHLAN PR-073 
|-==--- DATA OF EAGLE & FERGUSON wf 
— COMPUTED FROM 


S/PR+ +5) 


10° 10° 10° 
REYNOLDS’ MODULUS 
Fie. 5 EXPERIMENTAL AND PREDICTED MAGNITUDES OF Nu/(Re Pr) 
AS FUNCTION OF REYNOLDS’ MopULUS FoR DIFFERENT MAGNITUDES 
or PrRanptLt Moputus 
(Predicted magnitudes apply to ideal isothermal heat-transfer system.) 


in Fig. 5, as well as the data of Eagle and Ferguson (11) and Col- 
burn and Coghlan (12). The correlation is seen to be good except 
at low values of Re. This discrepancy may be due in part to the 
fact that, since thermal calming sections were not used, the 
temperature distribution considered in this analysis was not at- 
tained until the fluid traversed a considerable distance in the 
test section. This distance would be shorter the higher the mag- 
nitude of the unit thermal conductance. Thus better correla- 
tion at high Reynolds’ numbers may be expected. 
Nu 


The lower limit of Re Pr 


case the temperature is, in effect, considered constant across the 
pipe section. Calculation reveals that the experimental points 


is that given by Equation [3], in which 


JULY, 1941 


of Colburn and Coghlan fall between this lower limit and that 
given by Equation [11]. 
Nu 


Equati 11] indicates th 
quation [11] indica at Pr 


is directly proportional 


to V! with another term involving the friction factor in the 


denominator. 
For Pr = 1, Equation [11] becomes 
f Atmax 
N Uu 8 Atmean 


RePr | 
+ In6 +05 n= 


As shown in Table 2, the coefficient of ¥! is almost numerically 


equal to y so that the following relation results 

Nu 
This result was obtained by Reynolds (1) for the ideal system in 
which the heat transfer was accomplished by eddy diffusion only. 


TABLE 2 COMPARISON OF MAGNITUDES INVOLVED IN 
EQUATION [12] 


Re At Almean 

5000 14.3 15.0 
10000 15.8 16.6 
100000 21.4 22.0 


NONISOTHERMAL HEAT TRANSFER IN A CIRCULAR PIPE 


The previous analysis is applicable only to “isothermal’’ heat 
transfer, since variations of viscosity and other fluid properties 
with temperature were not considered. The data of Colburn and 
Coghlan and Eagle and Ferguson are comparable to these condi- 
tions for, in the former, variations of viscosity were small and, 
in the latter, all results were extrapolated to conditions of zero 
heat transfer. On the other hand, the analysis of heat transfer 
in fluids which possess a highly variable viscosity requires the 
definition of another ideal system. In particular, the boundary 
of the laminar sublayer for nonisothermal flow requires investiga- 
tion. The dimensionless variable, y:+, which fixes the outer 
boundary of the laminar sublayer will be redefined as a point 
function (exclusive of the unit-shear term which is defined as 
constant). Thus 


where »; is the kinematic viscosity of the fluid at the edge of the 
laminar sublayer and 7 is the shear at the wall under nonisother- 
mal conditions. Evaluation of the thermal resistance of the 
laminar sublayer yields the expression 


Without introducing too great an error, the remainder of the 
fluid system may be defined as possessing a constant viscosity 
which is fixed by the mean fluid temperature. The expression for 


Nu 
Re Pr then becomes 


| | | UA | | | 4 
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Nu 
Re,Pra Men 


30 2.5. if 
E +In (: + Pr, if) n 60 


Examination reveals that Equation [11] is a special case of 
Equation [16]. A large variation of viscosity across the laminar 
sublayer should cause variations in y,*+, which fixes its boundary. 
To determine this variation, the data of Morris and Whitman 
(13) were substituted into Equation [16]. Excellent correlation 
resulted, y:+ being a function of Reynolds’ modulus, and the ratio 


“© where Hy = the viscosity of the fluid at the wall temperature 


and 4, = the viscosity of the fluid at the temperature existing at 
the edge of the laminar sublayer.® 

The results of the computations are shown in Fig. 6, and are 
tabulated in Table 3. Using the curves of Fig. 6 and the experi- 


TABLE 3 MAGNITUDES OF m+ 


Bw Rem Rem Rem Rem Rem Rem 
“I 3000 5000 10000 20000 40000 100000 
0.10 ee oe os 
0.20 2.30 as ae oe ae 
0.30 3.12 2.34 oe ae 
0.40 3.70 3.07 2.40 os 
0.50 4.10 3.60 3.09 2.60 2.00 a 
0.60 4.43 4.03 3.62 3.34 2.90 2.50 
0.70 4.68 4.40 4.10 3.90 3.62 3.40 
0.80 4.82 4.70 4.50 4.40 4.25 4.10 
0.90 4.95 4.90 4.80 4.75 4.70 4.65 
1.00 5.00 5.00 5.00 5.00 5.00 5.00 
1.50 4.95 4.80 4.60 4.35 4.00 3.75 
2.00 4.89 4.52 4.20 3.75 3.00 2.50 
3.00 4.75 4.18 3.60 2.70 ° ‘ 
4.00 4.65 3.90 3.15 ‘ 

5.00 4.57 3.70 Ps 
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Fic. 6 Maanitupe or AT INTERFACE BETWEEN LAMINAR SuB- 
LAYER AND BurrerR LAYER As A FunctTION oF Ratio oF WALL TO 
INTERFACE ViscosiTizes, REYNOLDS’ NUMBER AS PARAMETER 


mental conditions of Colburn and Coghlan, Eagle and Ferguson, 
Morris and Whitman, and J. F. D. Smith (14), magnitudes of 
Nu were computed. The magnitude of the predicted Nusselt 
modulus employing Equation [16] was plotted against the ex- 
perimental magnitudes in Fig. 7. 

The friction factors used in the foregoing correlation were ob- 
tained from the isothermal friction-factor curve’ at a Reynolds 
number computed using the mean laminar sublayer viscosity p, 
instead of the viscosity at the mean fluid temperature y,,. This 
viscosity (17) may be found from the relation 


* See Note 3 of Appendix. 
7 See Note 4 of Appendix. 
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Fic. 7 PrepicrED MAGNITUDE OF NussELT Moputus PLOTfED as 
FuNcTION OF EXPERIMENTAL MAGNITUDES OF NussELT Mopvu.us, 
FOR HEATING AND COOLING, AND FOR RANGE OF PRANDTL Moputvus 
From 0.46 To 324 
(Refer to Equation [16].) 


A plot of this expression is shown in Fig. 8. 


A comparison of the predicted value of v. as compared with 


the measured values of J. F. D. Smith is shown in Fig. 9. The 
check is usually within 6 per cent which is sufficiently accurate for 
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FACE VISCOSITIES FOR VARIOUS MaGNiTuDESs oF Viscosity Ex- 

PONENT b; Ratio oF MEAN LAMINAR SUBLAYER Viscosity To INTER- 

Face Viscosity as A Function or Ratio or WALL TO INTERFACE 
VISCOSITIES 
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Fie. 9 Ratio oF THE SQUARE ROOT OF THE MEASURED TO THE 
PREDICTED FRICTION Factor FOR NONISOTHERMAL FLOW AS A 
FuNcTION OF REYNOLDS’ 


the correlation shown in Fig.7. Rohonezi (16) suggests a method 
of presenting the nonisothermal friction factor in terms of 
Reynolds’ modulus evaluated at the wall temperature. This 
method results in over-correcting the friction factor. 
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EXPERIMENTAL NU 
Fie. 10 PrepicreEp Versus EXPERIMENTAL MAGNITUDES OF 
NussE_t Moputvus 
(Predictions in terms of empirical Equations [19] and [20].) 


A practical limit to the correlation with the available experi- 
mental data exists. This limitation is illustrated as follows: 


Investigators Run Rem Prm a Nu 
J. F D. Smith 13 (cooling) 5410 103 4.0 re | 
Morris and Whitman F 16 5460 99 3.4 98.0 


Thus for practically identical experimental conditions the two 
investigators reported a difference in Nusselt’s modulus of 40 per 
cent. Some of this difference is explained by the fact that Morris 
and Whitman used commercial pipe, while J. F. D. Smith used 


smooth pipe. Even after making allowance for this fact the 


values of Nu differ by about 30 per cent. 
In order to compare the results from Equation [16] with the 
empirical equations (15). 


0-8 0-4 
Nu = 0.0243Re,,Pr,, (heating).......... {19] 


0-8 063 
Nu = 0.0265Re,,Pr,, (cooling) .......... 


the same experimental values used in Fig. 7 are plotted against 
the values computed by Equations [19] and [20], and are shown 


JULY, 1941 


in Fig. 10. In Equations [19] and [20] the fluid properties are 
evaluated at the arithmetic mean fluid temperature. 

Inspection of Equation [16] indicates that Nu should be prac- 
tically independent of Pr for large magnitudes of the Prandtl 
modulus. However, variations of y,+ accompany the variations 
in viscosity which always occur in the experimental determina- 
tion of Nu. These variations in y;+ give the apparent influence of 
Pr expressed by Equations [19] and [20]. 

The velocity existing at the edge of the laminar sublayer for 
nonisothermal conditions may be readily estimated. Since 


yi 
d 
and = f Tody 
0 M 


becomes 


or 


A plot of the function ¢ is given in Fig. 8. 


CONCLUSIONS 


1 The thermal resistances involved in heat transfer from a 
boundary to a turbulently moving fluid have been segregated. 
An expression which correlates existing heat-transfer data for 
flow through tubes is proposed for the system in which the fluid 
properties are not functions of temperature. 

2 Theintroduction of the concept of a variable y,:*, the utiliza- 
tion of an average viscosity rather than the viscosity at an aver- 
age temperature, and the estimation of a nonisothermal friction 
factor make possible the prediction of unit thermal conductances 
to within +20 per cent for Reynolds’ numbers up to 100,000 and 
magnitudes of the Prandtl modulus between 0.5 and 325. 

3 An ideal system may be defined which will more accurately 
predict Nu/(Re Pr) but the algebraic evaluation will be tedious. 
Among other operations, the variation of Nu with length (due to 
the changes in properties and of temperature distribution and the 
variation of qg/A with radius) should be considered. Additional 
accurate experimental heat-transfer data will aid the analyst. 

4 Finally, a more precise formulation of the laws governing 
the velocity distribution (18) will allow the definition of a more 
satisfactory ideal system for heat transfer. 


Appendix 


Nore 1 


Reynolds (5) conceived the flow at a point in a two-dimensional! 
system to be composed of an average velocity u upon which are 
superimposed fluctuating components u’, v’. The unit shear due 
to the momentum transferred by these fluctuating components 
becomes 


rT = —pu’v 


‘ 
du : 
: 
b a 
q 
A 
at 
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where the expression u’y’ represents the time average of the 
instantaneous fluctuations u’ and v’. Prandtl (6) assumed that 
the fluctuating velocities would be equal to the product of a 
“mixing” length l and the velocity gradient at the point. Thus 
the magnitude of the shear becomes 


By analogy to the expression for shear in viscous flow 


du 


dy 


’ 


an eddy “kinematic viscosity” « may be defined as 


€ 


dy 


and 


du 
pe 


Similar reasoning in the case of the transfer of heat yields the 
rate of heat transfer per unit area in turbulent flow as 


= cypv’t' 


where v’ and ¢@’ are the fluctuating components of velocity and 
temperature, respectively. Then if 


the rate of heat transfer per unit area in turbulent flow becomes 
dt 
q/A = Cyye a 
The identity of the eddy diffusivity « for heat transfer and mo- 
mentum transfer is known as Reynolds’ analogy. 
Nore 2 


Prandtl actually postulated a constant shear across the pipe 
and a mixing length = cy. Thus 


T To du 
pp dy 
and 
dy 
«ty? 
p dy 
from which 
ro/p 


ua my 
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Exactly the same result is obtained if 


T= 
Ty 


for then 


whence 


The temperature at the edge of the laminar sublayer was esti- 
mated by computing the thermal resistance of the laminar sub- 
layer, buffer layer, and core. Then as a first approximation 


t— & | ig & 


Ren 
E + In (1 + 5Prq) + 0.5 In 


Knowing ¢, an estimate of y,+ can be made. 
Then more precisely 


tp Pr 
Atmax J 30 2.5, Re 4 
In\ 1+ P. ——] — n—"@- 

Nore 4 


For predictions corresponding to the experimental data of Col- 
burn and Coghlan, and Eagle and Ferguson, the friction data of 
Stanton and Pannell for smooth pipe were used. 

For the J. F. D. Smith comparison, his own experimental 
magnitudes of f were used and for the Morris and Whitman 
comparison the following isothermal friction-factor curve (rough 


pipe) was utilized: a 
f 


Rem 

2000 12.0 

5000 13.7 
10000 14.9 
30000 16.6 
100000 18.3 


ACKNOWLEDGMENT 


The authors wish to express their thanks to Mr. John Longwell 
who performed many of the computations in this paper, and to 
the National Youth Administration for assistance given. 


BIBLIOGRAPHY 


1 “On the Extent and Action of the Heating Surface for Steam 
Boilers,’””’ by Osborne Reynolds, Proc. Manchester Literary and 
Philosophical Society, vol. 14, 1874, pp. 7-12; Collected Papers, vol. 
1, pp. 81-85. 

2 ‘“Bermerkung iiber den Wiarmeiibertragung im Rohr,” by Lud- 
wig Prandtl, Physikalische Zeitschrift, vol. 29, 1928, pp. 487-489. 

3 “Conditions at the Surface of a Hot Body Exposed to the 
Wind,” by G. I. Taylor, Great Britain Advisory Committee for Aero- 
nautics, Reports and Memoranda, No. 272, vol. 2, 1916-1917, pp. 
423-429. 

4 “The Analogy Between Fluid Friction and Heat Transfer,” 
by T. von K4érman, Trans. A.S.M.E., vol. 61, 1939, pp. 705-710. 

5 “On the Dynamical Theory of Incompressible Viscous Fluids 
and the Determination of the Criterion,’’ by Osborne Reynolds, 
Royal Society Philosophical Transactions, vol. 186A, 1895, pt. 1, 
pp. 123-164; Collected Papers, vol. 2, pp. 535-577. 

6 “Uber die ausgebildete Turbulenz,” by Ludwig Prandtl, Proc 
Second International Congress for Applied Mechanics, Zurich, 1926, 
pp. 62-74. 

7 “Gesetzmissigkeiten der turbulenten Strémung in glatten 
Rohren,” by J. Nikuradse, V.D.J. Forschungsheft 356, 1932, 36 pp. 

8 “The Mechanics of Turbulent Flow,” by Boris A. Bakhmeteff, 
Princeton University Press, 1936, p. 72. 


| 
y 
To rof \dy 
4 du 
3 To 2,,2 du 
wi 
|| 
3 
dt 
‘ 
3 
du 
4 vy = l — 
4 
& 
ag 
a 
a 
‘a 
j ‘ 2 


* 454 TRANSACTIONS OF THE A.S.M.E. 


9 ‘‘Neuere Ergebnisse der Turbulenzforschung,’”’ by Ludwig 
Prandtl, Zeilschrift des Vereines deutscher Ingenieure, vol. 77, 1933, pp. 
105-113. 

10 Reference (8), p. 80. 

11 ‘On the Coefficient of Heat Transfer From the Internal Sur- 
face of Tube Walls,’’ by A. Eagle and R. M. Ferguson, Proc. of the 
Royal Society, vol. 127A, 1930, pp. 540-566. 

12 “Heat Transfer to Hydrogen-Nitrogen Mixtures Inside 
Tubes,” by A. P. Colburn and C. A. Coghlan. Paper in preprint form 
for presentation at A.S.M.E. Annual Meeting, New York, N. Y., 
December 2-6, 1940. 

13 ‘‘Heat Transfer for Oils and Water in Pipes,”’ by F. H. Morris 
and Waiter G. Whitman, Industrial and Engineering Chemistry, vol. 
20, 1928, pp. 234-240. 

14 “Heat Transfer and Pressure Drop Data for an Oil in a 
Copper Tube,’’ by J. F. Downie Smith, Trans. American Institute of 
Chemical Engineers, vol. 31, 1934, pp. 83-111. 

15 “Heat Transfer in Automobile Radiators of the Tubular 
Type,” by F. W. Dittus and L. M. K. Boelter, University of Cali- 
fornia Publications in Engineering, vol. 2, no. 13, 1930, pp. 443-461. 

16 ‘“Druckabfallund Warmeibertragung beiturbulenterStrémung 
in glatten Rohren mit Beriicksichtigung der nichtisothermen 
Strémung,”’ by Georg Rohonczi, Doctorate Dissertation E. T. H. at 
Ziirich. 

17 ‘Die Grundgesetze der Warmeibertragung,’’ by H. Gréber 
and S. Erk, p. 174, Julius Springer, 1933; also Nusselt, W. 
Gesundh. Ing., vol. 38, p. 42, 1915. 

18 ‘Modern Developments in Fluid Dynamics," edited by 8. 
Goldstein, vols. 1 and 2, Oxford University Press, 1938, Chapters 
5, 7, 8, 14, and 15. 


Discussion 


R. H. Norris.’ The results achieved in this paper would be of 
greater practical value, if the authors could choose one or more 
relatively simple equations as practical approximations to their 
complicated correlation. Discrepancies up to 60 per cent are 
shown to be produced by the simple Equations [19] and [20], 
heretofore in common use. 

This paper is of course concerned with the relation between 
heat transfer and fluid friction, in terms of the parameter cyu/k, 
only for conditions of turbulent flow. For viscous flow, however, 
there is also a relation between heat transfer and fluid friction, 
the existence of which may, heretofore, have been obscured by the 
derivation of the theoretical results for heat transfer independ- 
ently from those for friction, and the arbitrary choice of the arith- 
metic mean for the temperature difference. 

In the region of viscous flow, when the logarithmic mean is used 
for the temperature difference, the variable denoted as (Nu)/ 
(Re)(Pr) can be plotted versus Re, as shown in Fig. 3, of a re- 
cently published paper. When the ratio of pipe length L to the 
diameter D becomes sufficiently great, the value of (Nu) /(Re)(Pr) 
becomes asymptotic to a straight line of slope —1, the same 
slope that the curve of friction factor has in the viscous region; 


(Nu) a 3.66 
thus (Re) (Pr) (Re) (Pr) (Pr) for (cptmeanD?)/(kKL) < 4, 
and f = 64 (Re)! so that (Re) (Pr) = (Pr) for 


(cpumeanD?)/(kL) < 4. 

For larger values of (cptmeanD?)/(kL), with laminar flow, the 
slope becomes flatter, but this can be considered as a thermal 
“entrance effect,” resulting from the sudden change in surface 
temperature at the start of the heated section of the duct. The 
viscous-flow-friction-factor curve would likewise flatten if the 
pipe length were s*fficiently decreased and the calming section 


omitted. 


8 General Engineering Laboratory, General Electric Company, 
Schenectady, Jun. A.S.M.E. 

® ‘“‘Laminar-Flow Heat-Transfer Coefficients for Ducts,” by R. H. 
Norris and D. D. Streid, Trans. A.S.M.E., vol. 62, August, 1940, pp. 
525-533. 
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It should be noted that f, as defined by the authors, is 4 times 
the value sometimes given in the definitions of f by other authors. 


E. 8. Smiru.’° The writer wishes to ask the authors just what 
they would expect to see happen in the throat of a venturi tube in 
which the flow is at a sufficiently high Reynolds number that tur- 
bulence would be high in a long straight pipe of the same diame- 
ter and with the same fluid moving at the same velocity? The 
eddies should be powerfully suppressed in the venturi throat and 
the shear would be high near the wall of the throat since the ve- 
locity distribution is so nearly uniform. This question is raised 
in a paper by W. S. Pardoe,'! in which his results can be explained 
by having the temperature of the water next to the wall under 
such conditions substantially equal to that of the ambient air. 
Now this does not seem to the writer to be reasonable, although 
he does not profess to be an expert on heat transfer. It would 
seem that there should be some gradient or drop of temperature 
from the air to the wall, assuming that the air temperature is 
higher. 


Tu. von KArMAn."? This paper is a valuable contribution to 
the solution of the problem of heat transfer. The authors give an 
excellent presentation of the similarity between heat and momen- 
tum transfer following the lines indicated in the writer’s paper! 
on the same subject. The new expression “buffer layer’ for the 
transition layer between perfectly laminar and perfectly turbu- 
lent regions, introduced by the writer in order to explain the dis- 
crepancies between experiments and the theories of Prandtl and 
G. I. Taylor, is quite appropriate. The investigation is definitely 
carried further beyond the results given in the former paper! by 
a more detailed analysis of the turbulent region and especially by 
consideration of the temperature changes in the cross section of 
the pipe. It is gratifying that, by a more exact analysis, the 
agreement between theory and experiments appears even closer 
than the writer has found. 


AuTHors’ CLOSURE 


For low magnitudes of the Prandtl modulus, the empirical 
expressions, Equations [19] and [20], or their equivalent, such 
as Colburn’s j function (19),'4 approximate the analytical rela- 
tion with some accuracy. Fig. 11 of this closure illustrates the 
analytical equation plotted in terms of Colburn’s j function and 
Fig. 12 reveals a comparison of Colburn’s empirical equation, 
Reynolds’, Prandtl’s, and von Kaérm4n’s analogies, and Equation 
{11] of this paper. Below magnitudes of Prandtl’s modulus equal 
to 10 the average slope of the analytical curve is approximately 
—*/;. However, at high magnitudes of Pr the slope of the analyti- 
cal curve becomes —1, which indicates that, for low rates of heat 
transfer (isothermal) and high magnitudes of Prandtl’s modulus, 
Nusselt’s modulus will be independent of Prandtl’s modulus. 
Thus, the exponent of the Prandtl modulus in any empirical 
equations, such as Equation [19] or [20], should be a function of 
Pr and the rate of heat transfer. It appears to be fortuitous that 
a constant exponent yields a satisfactory correlation. 

Several other modes of empirical correlation, using viscosities 
at temperatures other than the mixed mean temperature have 
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11 “Effect of Ambient Temperatures on the Coefficients of Venturi 
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and 10, p. 458. 

12 Director, Daniel Guggenheim Aeronautical Laboratory, Cali- 
fornia Institute of Technology, Pasadena, Calif. Mem. A.S.M.E. 

13“The Analogy Between Fluid Friction and Heat Transfer,’’ by 
Th. von Kérman, Trans. A.S.M.E., vol. 61, 1939, pp. 705-710. 

14 Numbers (19) to (23) refer to Bibliography at the end of this 
closure; all other numbers in parentheses refer to the Bibliography at 
the end of the paper. 
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Fic. 11 Prior or Corsurn’s Funerion [Nu/(Re Pr)]Pr’/s 
CALCULATED From Equation [11] For MAGNITUDES OF PRANDTL’S 
Mopvutvus Between 0.48 anp 10 


(Theffriction factor over eight (//8) is also presented as a function of 
Reynolds’ modulus. ) 


10 
COLBURN 
VON KARMAN 
RE *10,000 
EQUATION 1! 
RE*10,000 
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PRANOTL 
RE+10,000 REYNOLOS 
° 
< COLBURN 
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VON KARMAN 
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PRANOTL MOOULUS 


Fig. 12 Comparison or ReyNo.ps’, PRaNpDTL’s, COLBURN’S, AND 

von KArMAN’s Equations FoR VARIOUS MAGNITUDES OF PRANDTL’S 

Mopvutvus From 0.1 To 1000 ror ReyNotps’ Moputus = 10,000 
(The magnitudes as computed from Equation [11] are also presented.) 


been proposed (14, 17). Fair success in bringing experimental 
data together was attained by these methods so that Fig. 10 of 
the paper may leave the impression of overestimating the in- 
accuracy of empirical correlations. However, the same funda- 
mental limitations apply to these later correlations as to those 
presented in the paper. Equations [19] and [20], or similar 
forms, are in current use in industrial design. 

An important phenomenon which will cause scattering of data, 
particularly at low values of Prandtl’s modulus, is the entrance 
effect mentioned in the body of the paper. 

A uniform temperature distribution exists at the entrance to 
a heating section, which will change to a distribution such as is 
shown in Fig. 3 of the paper if the heating section is of sufficient 
length. If, however, the test section is short, it is possible that 
the equilibrium-temperature distribution will not be reached. 


Application of Equation [11] to entrance sections will yield 
magnitudes of Nusselt’s modulus which are too low (for instance, 
Altmean 
Atmax 
because it applies only where the velocity and temperature dis- 
tributions have been established and steady-state conditions ob- 
tain. Due to the transition conditions existing in the thermal 
quieting sections, the magnitudes of Nusselt’s modulus have been 
found to exceed those which obtain after the temperature dis- 
tribution has been established (20). 

If the linear variation in unit shear in the buffer layer is utilized, 
rather than the constant wall-unit shear, the predicted magni- 
tudes of Nu/Re Pr for low magnitudes of Reynolds’ and Prandtl’s 
moduli fall below those shown in Fig. 5 of the paper, and approach 
closely the experimental points of Colburn and Coghlan (21). 

Referring to E. S. Smith’s comments, regarding noniso- 
thermal flow in venturi meters, a difference in temperature be- 
tween the ambient air and the fluid within the pipe will cause 
heat transfer to (or from) the fluid. Heat transfer will occur 
throughout the entrance length as well as in the venturi proper. 
This temperature difference will cause free convection in the en- 
trance length, and will also change the viscosity of the fluid in the 
laminar sublayer in contrast to the magnitude corresponding to 
the mixed mean fluid temperature. These phenomena may in- 
fluence the discharge coefficient of the venturi and account for the 
fact that the nonisothermal discharge-coefficient-Reynolds-num- 
ber curve crosses the isothermal curve. 

Dr. Theo. von Karmdn’s comments are indeed gratifying. 
Each correction as it is applied yields a prediction which more 
nearly approaches the best experimental results. The segrega- 
tion of the resistances, due to each of the three fluid layers, has 
aided the authors in making further refinements to the isother- 
mal-heat-transfer theory. The attendant success served as a 
stimulus toward the analysis presented (yet incomplete) for non- 
isothermal flow. 


= 1 for uniform temperature distribution at entrance) 


GENERAL COMMENTS 


Four excellent articles (22, 23, 24, 25) on this subject have come 
recently to the attention of the authors. Mattioli (23) also 
utilizes y* as a point function. He considers the transfer of 
vorticity and momentum simultaneously. 

The similarity of Nu/Re Pr = f,/Gc,, where G is the unit 
mass-flow rate, to the number of transfer units (N.T.U.) de- 
serves attention in view of the move to assign a name to the 
former. In the tube-to-fluid exchanger, the N.T.U. = (Nu/ 
Re Pr)S/A, where S is the tube area through which heat flows 
and A is the cross-sectional area of the pipe. 
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Effect of Ambient Temperatures on the 
Coefficients of Venturi Meters 


By W. S. PARDOE,' PHILADELPHIA, PA. 


RIOR to 1930, the writer attempted to plot the coefficients 

of a large number of venturi tubes against Reynolds’ num- 

ber and found the results rather unsatisfactory. This 

would, of course, be easily explained on the basis of proportional 

roughness and, as there seemed to be no definition of this func- 
tion, the results were considered most unsatisfactory. 

During that period, on three occasions venturi tubes were sent 

to the University of Pennsylvania laboratory for calibration. 


4.3.27 


Each time the makers proceeded to construct a meter to fit the 
laboratory calibration. About 2 months later, when the combi- 
nation of meter and venturi tube was tested in the laboratory with 
different temperature water, the coefficient was satisfactory on 
the flat part of the curve and at some point lower, about 3 fps 
throat velocity, but in between the coefficients varied as much as 
0.5 per cent. This, of course, was all very confusing, as it was 
contradictory to any plot against Reynolds’ number. 

In 1931, the Simplex Valve and Meter Company presented the 
laboratory with an 8 X 3%/g-in. bronze venturi meter. The 
results of tests on this meter for 46, 63, 69, and 74 F water are 
shown in Figs. 1 and 2. These are quite similar to other curves 
on venturi meters. It will be noticed that on the flat part of the 
curve the coefficient is 0.99 and at 3 fps throat velocity the 
coefficient is 0.969. Curves such as that for 46 F became known 
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Fie. 3 Tests or Ventur!t METER AT VARIOUS TEMPERATURES 
SHOWING COEFFICIENT PLOTTED AGAINST THROAT VELOCITY 


Fig. 2 


Figs. 1 anp 2. Tuzst or 8.06-IN. By 3.3759-In. Bronze VENTURI 
METER AT VARIOUS TEMPERATURES 
(Courtesy of Simplex Valve and Meter Company.) 


1 Professor, Department of Civil Engineering, University of 
Pennsylvania. 

Contributed by Special Research Committee on Fluid Meters and 
presented at the Annual Meeting, New York, N. Y., December 2-6, 
1940, of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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Fic. 5 Errect oF INSTALLATION OF VENTURI METER BOXED TO Fig. 8 EFFEcT OF INSTALLATION OF VENTURI METER BoxED TO 
PREVENT Heat TRANSFER; WATER TEMPERATURE 42 F PREVENT Heat TRANSFER; WATER TEMPERATURE 61.5 F 


Fic. 9 Tests or Fias. 5 To 8, IncLustve, PLorrep AGAINST 


Fie. 6 Test or VENTURI METER, Boxep TO PREVENT HEAT TRANS- Rarnotps’ Numssr 


FER; WATER TEMPERATURE 53 F 


Fic. 7 Errect or INSTALLATION oF VENTURI MeTER Boxep Fic. 10 Tests Mape To CHEcK THE EFFECT oF INSTALLATION ON 
Prevent Heat TRANSFER; WATER TEMPERATURE 56.5 F VENTURI METER 
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as cold-water curves and those for 74 F as hot-water curves. 

In Fig. 3, are plotted the curves for 46, 63, and 74 F against 
throat velocity with the scales exaggerated. It will be noted 
that all these curves pass through 0.969 at 3 fps. These curves 
plotted against Reynolds’ number are shown in Fig. 4, and do 
not make a very good showing. 

On a number of occasions the author has shown these curves 
to the Committee and to hydraulic groups of the A.S.C.E., 
A.S.M.E., and 8.P.E.E. The only response ever received has 
been to question the experimental work rather than to explain 
the facts. To be in error in the experimental work would mean 
that the author could not measure 0.15 per ft accurately, which he 
certainly can. 

On a number of occasions, these curves have been placed in 
the hands of visitors to our laboratory and others who are in- 
terested in such matters. Finally a set was given to Dean Goff 
of this institution, who, after some time, suggested the possi- 
bility of heat transfer entering the problem, that is, with cold 
water being measured and the room temperature at 70 F or there- 
abouts. The boundary layer at the throat was raised slightly in 
temperature, thus decreasing the value of u, decreasing the 
boundary shear 7», and increasing the discharge for low tempera- 
tures. 

In order to check this, a wooden box was built around the ven- 
turi meter as shown in Fig. 5 and runs were made with a water 
temperature of 42 F, giving the results shown. The box was 
drained and the curve immediately rose 0.7 per cent at 3 fps, 
as indicated. Tests were also conducted with the same arrange- 
ment at 53, 56.5, and 61.5 F, as shown in Figs. 6, 7, and 8, respec- 
tively. 

In Fig. 9, the foregoing tests are plotted against Reynolds’ 
number making quite a creditable showing. The variation of 0.2 
per cent must be blamed on the experimenter. To check the 
effect of installation, tests were made as indicated in Fig. 10. 
The variations are not extreme. 

From the foregoing it would appear that there is a distinct 
effect of ambient conditions on the coefficient of venturi meters. 
Unless they are thoroughly lagged during the test and in the 
permanent installation, they cannot give accurate results under 
all circumstances. 


Discussion 


R. W. Aneus.? Although this paper is brief, it is a distinct 
contribution to the subject and gives an explanation of what 
appeared to be an inconsistency in the meter experiments. 
Evidently the rate of heat transfer through the walls of the 
meter tube is sufficient to produce erratic coefficients at low 
throat velocities, while it does not affect those at high throat 
velocities, presumably because of the time element. 

One of the practical applications of the results is that, in the 
author’s meter, the coefficients for different temperatures and 
for a throat velocity of 10 fps differ by 0.5 per cent. There is 
about the same difference at 2 fps, in both cases for the meter 
tested unjacketed; the differences are less than this at inter- 
mediate velocities. Inasmuch as it is impossible, in most cases, 
to jacket meters in service, these errors would seem to be inherent 
in the use of this instrument but they are likely to be smaller in 
meters which are larger than the one covered by the author’s 
work, As an effort would be made, wherever possible, to select a 
meter working with throat velocities corresponding to the flat 
part of the curve, the error may not be serious in practice, but 
yet it is there, giving a sense of uncertainty as to the meter indi- 


? Professor of Mechanical Engineering, University of Toronto, 
Toronto, Canada. Honorary Member A.S.M.E. 


cation. Meters are in common use on waterworks plants where 
the highest degree of accuracy is usually only necessary when 
they are being used to measure pump efficiency, in which case 
the rated pump discharge generally corresponds with the higher 
throat velocities, the coefficient being constant. 

The writer has compared the coefficients in this paper with 
those given in the Fluid Meters Report.? The latter shows‘ that, 
for the size meter mentioned in the paper, and with water at 68 F, 
the coefficient has a constant value at over 7 fps throat velocity, 
while Fig. 2 of the paper shows that, for the meter used with 
water at 69 F, the coefficient reaches its constant value at about 
20 fps. Both of these figures and curves apply to Simplex meters, 
although one is for an iron tube with bronze throat while the 
other is for a bronze tube. 

The writer has great confidence in the accuracy of the author’s 
work but believes that the high degree of precision he has achieved 
may cause his results to be misinterpreted. The report? men- 
tioned bears every evidence of great care in its preparation and 
must be looked upon as an excellent piece of work. In that report 
two sets of curves® are given which show many sizes of venturi 
tubes having a diameter ratio of 0.5. From these curves the 
coefficients may easily be read to 0.1 per cent. Equation [261]® 
enables the coefficient to be calculated for any other diameter 
ratio with the same degree of accuracy; in fact, in the examples 
given, the coefficients are worked out to 0.01 per cent. The 
data for these are for the most part based on the experiments of 
the author. Their accuracy is unquestioned. 

The experimental work extended only to tubes for pipes not 
over 12 in. diam and for a more or less ideal setup of the tubes. 
However, but slight guidance is given as to what is meant by 
the proper setup and how it may conveniently be determined 
whether or not the coefficients will apply to a tube being used 
in a practical case. 

During the summer of 1939, the writer was retained by the 
City of Toronto, Canada, to conduct tests on eleven new pump- 
ing units installed in one of the city pumping stations, and pre- 
sented the results of these tests in a recent paper.’ The guaran- 
tees for efficiency were unusually high and the penalties for 
nonfulfillment of the contract were extremely stringent, par- 
ticularly on some of the units, so that the writer was obliged to 
use every possible precaution to secure accuracy. 

Discharges were measured with venturi tubes, and the pipes 
leading the water thereto were as well laid out as possible, the 
bends being of long radius; in most cases there was a long straight 
pipe upstream from the tube. In the meter used on one of the 
pumps, the discharges, computed from the Fluid Meters Report 
coefficient of 0.9876, were known to be too high. A careful volu- 
metric calibration of the tube was subsequently made, which 
gave an actual coefficient of 0.9545. There were slight bends 
upstream from the tube but, ordinarily, these could not have ac- 
counted for this great difference. Since the tube had been ex- 
amined and calipered before erection and again after it had been 
in use for a time, there appeared to be no other cause for this 
difference in coefficients than a probable error in the one given 
by the Fluid Meters Committee, or else a disturbance from the 
pump. 

After discovering this discrepancy, the writer discussed the 
matter with a number of engineers and found that there were 


’“Theory and Application of Fluid Meters,” A.S.M.E. Report 
of Fluid Meters Committee, Fourth edition, 1937. 

4 Ibid., Fig. 64, p. 101. 

5 Ibid., chapter “Discharge Coefficients for Venturi Tubes,” Figs. 
63 and 64, pp. 100 and 101, respectively. 

© Ibid., p. 99. 

7 “An Improved Technique for Centrifugal-Pump-Efficiency Meas- 
—— by R. W. Angus, Trans. A.S.M.E.., vol. 63, January, 1941, 
pp. 13-19. 
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many cases in which the coefficients differed from those recom- 
mended by the committee. The writer, therefore, expresses the 
hope that the Fluid Meters Committee will give this matter fur- 
ther serious consideration, and present to the Society all avail- 
able evidence in support of its findings, particularly in the case of 
large meters. Its report should be supplemented by instruc- 
tions which will assist those using the meters in determining 
whether the coefficients are likely toapply. While such a device 
as a straightening vane is usually helpful there is no desire to 
undergo the expense of installing the device unless it is necessary. 
Further, the examination of conditions above the meter tube is 
frequently extremely difficult and will not be undertaken unless 
there is some definite reason to do so. 

In the present state of the art no one knows whether a given 
setup corresponds to the Fluid Meters Committee’s coefficients 
or not and, further, the report seems to be of theoretical rather 
than practical value because it does not suggest that actual co- 
efficients are known to deviate from those given, nor does it at- 
tempt to quote these coefficients. The tolerance of +0.75 per 
cent’ in the coefficient for cast-iron tubes, as given in the report, 
seems scarcely consistent with the accuracy with which the 
coefficient is worked out in the examples appearing elsewhere’ in 
the report. 


M. M. Borpen.'° Before such information can be used for 
the closer control of venturi coefficients and to limit their toler- 
ances, the matter will require further investigation involving 
venturi sizes, ratios, effect of roughness, and through a greater 
range of temperature difference. 

The effect of enlarging the area of the throat, because of 
higher temperatures of a fluid in it, should cause the coefficient 
to increase. Hence, the full effect of a difference of temperature 
within and without the tested tubes may be slightly different 
than indicated. 

A plot of the upper and lower coefficients to throat-velocity 
values for the venturi boxed and unboxed shows a generally 
narrower zone for the boxed unit. The area, included between 
such upper and lower limits, is about 10 per cent less for the 
boxed venturi for regions of 1 to 2 fps and 25 fps throat velocity. 

The author’s findings suggest the use of completely insulated 
cold-water venturis by enclosing them in suitable coverings, as 
is partially done with the covered venturis measuring hot fluids. 


E. S. Smrra.!!. As one who is now a disinterested observer 
but formerly an active member of the Fluid Meters Committee, 
the writer can join a discussion of fluid metering only infrequently 
and has included in this discussion material which might otherwise 
be added to the discussion of a current paper!” on the subject of 
nozzles. The present discussion gives something of the back- 
ground of the paper and some material which is only indirectly re- 
lated to the former bone of contention, i.e., the acceptance of the 
method of similarity in fluid metering. 

Over an extended period, the subcommittee on “similarity,” 
consisted of Messrs. Pardoe, Spitzglass, and the writer, with 
Messrs. Pigott and Buckingham (deceased) lending moral sup- 
port on occasion. Messrs. Spitzglass and Pardoe long and 
spiritedly opposed the acceptance of the Reynolds number as a 
basis for the correlation of fluid-meter coefficients on the grounds 


8 Reference (3), p. 128. 

Ibid., p. 104. 

10 Chief Engineer, Simplex Valve & Meter Company, Philadelphia, 
Pa. Mem. A.S.M.E. 

lt Hydraulic Engineer, C. J. Tagliabue Manufacturing Company, 
Brooklyn, N. Y. Mem. A.S.M.E. 

12 “‘TDischarge Coefficients of Long-Radius Flow Nozzles When 
Used With Pipe Wall Pressure Taps,’’ by H. S. Bean, S. R. Beitler, 
and R. E. Sprinkle, Trans. A.S.M.E., vol. 63, 1941, pp. 439-445. 
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of unstated limitations of the method of similarity and dimen- 
sional homogeneity. However, before his death, Mr. Spitzglass 
succeeded in making it clear that his acceptance of such correla- 
tion required that account be taken of the roughness of the line 
and/or meter, relative to its diameter, a phenomenon which is 
sometimes known as the “scale effect.” In his present paper 
the author has likewise succeeded in making it clear that his ac- 
ceptance awaited only an accounting for an additional factor, 
i.e., the effect of a different temperature of wall and fluid for water, 
under the conditions of his tests with water. 

Since the acceptance of a useful engineering method is too 
often delayed by blind advocacy equally with opposition, there 
is a natural question as to the writer’s position. He admittedly 
made several elementary and simplified statements in an effort 
to picture clearly the concepts of similarity involved. Some of 
these statements taken alone might give the impression that the 
writer was blind to any points such as were stressed by the op- 
ponents of the acceptance of this method. 

Consequently, it is necessary to point out that a paper,'® 
by the writer in 1923, covered the scale effect'4 in Fig. 2 (which is 
based on some of the author’s values) and elsewhere in the 
text,!5 while the closure’* noted that errors result from a differ- 
ence of the temperature of the fluid from that of the walls of the 
pipe or meter. 

In spite of this broad hint, the author’s delay in finding the 
cause of the errors which his tests included is understandable, 
since the writer for one did not suspect that this was the cause of 
inconsistencies in tests which were of the order of errors common 
in hydraulic testing, possibly including the tests which are noted 
in the second paragraph of the paper. At one time, the writer 
checked and found correct everything but the atmosphere in the 
author’s laboratory. He is to be congratulated both for his 
persistence and the excellence of his tests and to be forgiven 
for his delay. If he had worked much with fluids other than 
water, he would certainly have earlier embraced the use of the 
Reynolds number as the only rational basis for their metering in 
practice and might have missed finding the cause of the slight 
error which he now stresses. 

His location of this error is a credit to the accuracy of his tests 
rather than an indication that such error amounts to much. 
Taking a velocity of 2 fps and the water and air temperatures, 
respectively, at 50 and 70 F, this error could be caused by a differ- 
ence of level of only 0.6 ft of water at the stated temperatures in 
the vertical connecting pipes. Such differences often occur upon 
a change of rate with usual venturi recording and integrating 
instruments, with their large wells or bells, which cause a move- 
ment of liquid in the pressure pipes which is much larger than the 
metering head. In controlling flow, transient effects are im- 
portant and such errors may be of consequence. This less than 
1 per cent error would amount te less than 0.002 in. on a chart or 
integrator in which 0.1 in. corresponds with 1 fps throat velocity, 
a fact which incidentally shows the importance of precise setting 
at the lowest operating rate. 

If the “‘box-drained”’ values of Figs. 5 and 10 of the paper be 
multiplied by the ratios of water viscosities at the water and air 
temperatures, the corrected values fall close to the ‘“box-over- 
flowing” values and constitute a rough check of the Goff theory. 
Of course at the higher rates, the effect of heat transfer disappears. 
Possibly a current paper” on heat transfer may be useful if the 


13 “The Oil Venturi Meter,”’ by E. 8. Smith, Jr., Trans. A.S.M.E., 
vol. 45, 1923, pp. 67-75. 

4 [bid., Fig. 2, p. 71. 

16 Tbid., par. 17, p. 71. 

16 Tbid., first par. of closure, p. 75. 

17 “Remarks on the Analogy Between Heat Transfer and Momen- 
tum Transfer,’’ by L. M. K. Boelter, R. C. Martinelli, and Finn 
Jonassen, Trans. A.S.M.E., vol. 63, 1941, pp.447-455. 
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generally noneddying character of the flow in the throat be 
considered. In other words, the stated comparisons in Figs. 5 
and 10 indicate that the temperatures of both the water and the 
wall of the “box-drained”’ tube are that of the ambient air—an 
indication that is contrary to the accepted heat-transfer teaching 
that the wall temperature of a conduit containing running water 
will approximate that of the water instead of that of the air. 
An explanation is accordingly requested. 

Due to the fact that the heat-transfer coefficients for tur- 
bulently flowing water and still air are of different orders, changes 
of wall temperature from that of the stream are ordinarily in- 
significant except at low velocities. It should not be difficult 
for the author to obtain a few temperature and pitot traverses 
and settle this matter in his closure, instead of relying on specu- 
lation which is supported by over-all calibrations only, of which 
there are many. 

Errors are to be expected with uninsulated hot-water meters, 
supercooled liquid-ammonia meters, and gas meters which are 
heated to prevent the formation of deposits at the throat. A 
rise of gas temperature should lead to a negative instead of a 
positive error, since the viscosity of a gas increases with tempera- 
ture while that of water then falls. 

It cannot be assumed that orifice meters would be free from 
the Goff error, although such error should be in the opposite 
direction from that of the venturi. Nozzles contained in the pipe 
and entirely surrounded by fluid should be practically immune to 
this error except for large diameter ratios which, like orifices, are 
sensitive to the upstream velocity distribution. For highly ac- 
curate venturi measurements, it is possible to use the heated type 
of gas venturi with the circulation in the heating chamber pro- 
vided by the differences of pressure existing in the downstream 
cone. 

No effect is to be expected on the flat portion of the coef- 
ficient curve for any differential producer. This general prin- 
ciple was brought out by Swift in his papers,'® which deal with 
other factors affecting the correlation of flowmeter coefficients 
with the Reynolds number. 

Since a high value of venturi coefficient exists on the flat por- 
tion of the curve and starts to fall off at a relatively high value 
of the throat velocity at usual temperatures and, hence, of the 
Reynolds number, such a venturi is relatively sensitive to this 
error. By roughening the approach curve, as was originally 
suggested to the writer by Herbert N. Eaton, chief of the Na- 
tional Hydraulic Laboratory, and shortening its radius, the flat 
portion of the curve can be extended to much lower values of Reyn- 
olds’ number. Hodgson'® early reduced the length of the throat 
cylinder and placed the throat taps at the end of the curved por- 
tion of the approach curve to lengthen the flat portion of the 
coefficient curve. The shortening of the radius of the approach 
curve was used, e.g., in the German standard nozzles to lengthen 
the flat part of this curve, although such design also includes a 
lengthening of the nozzle throat to cause filling of the throat by 
the re-expansion of the contraction which follows the shorter ap- 
proach radius. 

The writer has tried a number of different combinations of 
approach-curve radius, length of throat, and roughness, and has 
obtained a worth-while extension of the flat part of the curve for 
nozzles. Some of these nozzles were tested by the author and 
accepted with a 0.25 per cent accuracy guarantee, including their 
indicating, recording, and integrating instruments on a portion 

18 “Orifice Flow as Affected by Viscosity and Capillary,” by H. W. 
Swift, Philosophical Magazine, series 7, vol. 2, 1926, pp. 852-875; 
“Operational Factors in Orifice Flow,’”’ vol. 5, 1928, pp. 1-17; ‘‘The 
Calibration of an Orifice,” vol. 8, 1929, pp. 409-435. 

1* “The Measurement of the Flow of Gases and Liquids by Means 


of Orifices, Nozzles, and Venturi Tubes,’”’ by J. L. Hodgson, World 
Engineering Congress, vol. 4, part 2, Tokio, 1929, p. 113, Fig. 10. 


of the flat part of the coefficient curve. This allowed 0.1 per cent 
full scale for the author’s calibration and installation effects and 
0.15 per cent for the instrument from maximum to less than one 
half of the maximum (which corresponds to within 0.07 per cent 
of full scale). This accuracy was attained with stock instru- 
ments which were special mainly as to the spacing of the dial and 
chart graduations, working clearances and tolerances, and the 
setting at the lowest operating rate. The performance of such 
instruments is fairly comparable with the 0.1 per cent of full scale 
reading reported with a recently developed, highly special in- 
strument used in steam-turbine traverses. These instruments?® 
also involved a cam and roller and an integrator wheel-on-a-disk. 

Since each diameter-ratio of nozzle has a different “shape” 
and it seems necessary for the best shapes to be available to all, 
it is desirable for the A.S.M.E. Fluid Meters Committee to 
sponsor the necessary tests rather than that the best design be- 
come the property of any manufacturer. For nozzles, the de- 
sign would be essentially the same as for the venturi although 
the approach may possibly be cut off short of the throat cylinder, 
as suggested by Witte, so that a slightly conical throat may re- 
place the cylindrical throat of the venturi. 

The writer referred his recommendations to the committee, 
several years before resigning from active work thereon, as a start- 
ing point toward such a design and then urged such action. 
The author’s paper revives the importance of a design which is 
free from even small errors due to the Goff effect. However, a 
design which is best for cold water under positive pressure may 
have a much shorter life than the long-radius venturi or nozzle 
where cavitation exists. 


AUTHOR’s CLOSURE 


The writer agrees with Professor Angus that the effect of am- 
bient temperature will vary with the size of the venturi meter. 
It will also vary with the design, paint, roughness, and insulation, 
if any. 

The 8 X 3%/s-in. bronze venturi meter (coefficient 0.99), 
used in these experiments, although it is of the same proportions, 
is much smoother than the fifty-seven cast-iron venturi meters 
used as a basis for the A.S.M.E. curves, from which a value of 
0.983 would be obtained. Coefficients of rough venturi meters 
become flat at much lower throat velocities. Coefficients of 
venturi meters should not contain more than three significant 
figures, although Prof. Angus uses four. 

Some idea of the “proper setup” may be obtained by reference 
to a previous paper! by the author. 

The venturi meter at Toronto, which gave a coefficient of 
0.9545 instead of 0.9876 or 3.3 per cent low, was one of eleven 
meters. All the others gave satisfactory results, using the 
A.S.M.E. coefficient values (in which the author is not disin- 
terested). Prof. Angus examined and calipered the meter and 
found the pressure taps in good condition. Under these circum- 
stances, the only thing which could lower the coefficient 3.3 per 
cent would be a vortex started in the centrifugal pump. That this 
could produce the result is evident from Fig. 44? of the author’s 
previous paper. The author has found it advantageous in all 
cases where a vortex may form to use cross straightening vanes 4 
diam in length ahead of the venturi meter. Until this is done or 
an exploration made ahead of the Toronto meter, this matter 
cannot be considered settled. The author cannot believe a 42 


2 ‘Automatic Integrating Pressure-Traverse Recorder for Study 
of Flow Phenomena in Steam-Turbine Nozzles and Buckets,” by 
H. Kraft and T. M. Berry, Trans. A.S.M.E., vol. 62, Aug., 1940, pp. 
479-488. 

“The Effect of Installation on the Coefficients of Venturi Me- 
ters,” by W. S. Pardoe, Trans. A.S.M.E., vol. 58, 1936, pp. 677-684. 

22 Reference (21), p. 683. 
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X 27-in. venturi meter, correctly constructed and without 
vortex flow, could possibly give such a low coefficient. 

Mr. Borden suggests a great deal of additional experimental 
work. The author does not propose to do any beyond establish- 
ing the fact of an effect of ambient on the coefficients of flow 
meters generally. 

Mr. Smith has quite misinterpreted the paper and has for- 
gotten our “bone of contention,” i.e., that Reynolds’ number is 


| flowing: 
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Fig. 11 Errsecr or AMBIENT TEMPERATURE ON COEFFICIENTS FOR 
Fiow Nozz_e 


(A.S.M.E. flow nozzle 8:300:1; 8.071 X 3.0012 in.; temperature of water 
41 F; temperature of air 67.5 F.) 


Terrp of Waler FEF 


Fig. 12 Errect or AMBIENT TEMPERATURE ON COEFFICIENTS FOR 
Pipe ORIFICE 
(Size 8.071 X 3.875 in.; cempeneiate ‘ water 44 F; temperature of air 


not a satisfactory criterion for plotting the coefficients of venturi 
meters as usually constructed and installed, it cannot be used 
on the curved part of the coefficient curve, and has no meaning 
on the flat part. The errors inside the metering range of manu- 
facturers’ meters have already been mentioned and are con- 
siderable. The author now includes flow nozzles and pipe 
orifices as being similarly affected, as indicated by the curves in 
Figs. 11 and 12 of this closure. Mr. Smith will have to revise his 
ideas with respect to the orifice and also his very “rough” check of 
the Goff theory. He suggests that “it should not be difficult to 
get a few temperature and pitot-tube traverses.” The author 
must disagree and believes this almost impossible as we are deal- 
ing not with the laminar boundary layer but with the sublaminar 
boundary layer, at very low velocities. If Mr. Smith has in mind 
a pitot tube to measure the wall velocity (if any), there are many 
individuals who will be very much interested in learning of it. 
For a number of years, the author kept up a correspondence 
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with Dr. Edgar Buckingham, sending him the original curves as 
obtained. He expressed the belief that ‘‘we were leaving out some 
factor,” but at no time suggested heat transfer, nor did any other 
member of the Committee, although all of them were kept con- 
tinually aware of the unsatisfactory results obtained with water. 
The effect is too complicated to evaluate from any reasonable 
number of experiments depending upon, as it does, the specific 
heats of the fluids, the design, the roughness, the materials of 
construction, the paint, the insulation, and probably other 
things. In other words, life is too short for this busy “hexagena- 
rian”’ even to start. 

During the discussion of the paper, Messrs. Sprenkle, Beitler, 
and Bean suggested that the flow nozzle was not affected by am- 
bient temperature. Herewith is shown test results of an A.S.M.E. 
flow nozzle 8:300:1, Fig. 11, indicating that they are not immune. 
Fig. 12, for an 8.071 X 3.875-in. orifice also shows that it is 
affected in quite a similar manner, and not the reverse as sug- 
gested. 

The coefficient of a flowmeter may be expressed 


+ k 
in which 


B = d,/d, 
k = coefficient of loss in hf = k 2g 


a = ratio between actual kinetic energy per pound and ki- 
netic energy per pound or V?/2g 
a, = 1.00 


If the main velocity traverse given by the seventh-root law for 


smooth pipe 
V = ( 


Pipe factor = 0.817 
a, = 1.056 


1— 
— (1 — 1.056 64) 


Take an 8.071 X< 3.0012-in. flow nozzle at 2 fps throat velocity 


C, = 0.9662 box drained 
Co = 0.9606 box overflowing 
B = 0.37184 6 = 0.019118 


1 — 0.019118 
0.9662? 


— (1 — 1.056 X 0.019118) = 0.0715 


kg = 


1 — 0.019118 
= ————— — (1— 1.0 0.019118) = 0.0840 


is assumed constant as 
velocity is constant, and 
pipe factor = 1 approxi- 
mately 
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and 


k 0.0715 
Me = = 0,0000316 ——— 


= (),0000269 
0 0.0840 


The corresponding temperature is 51 F, i.e., the inside wall of 
the flow nozzle would have to be 10 F above the water tempera- 
ture. As the velocity at the wall is zero, this must be the water 
temperature at the wall. It does not seem that this is impossible 
with a temperature gradient of 67.5 — 41 or 26.5 F. 

Similar computations for other velocities are given in Table 1. 

That is, the difference in temperature between the water and 
the inside wall is inversely as the velocity, which seems quite 
reasonable. 

The author desires to thank those who participated in either the 
written or oral discussion. Many valuable suggestions were made 


TABLE 1 
Throat velocity, Wall temperature, ‘* Wall temperature 
fps F —41 F 
1 52 11 
2 51 10 
3 50 9 
4 49.1 8.1 
5 48.1 7.1 
6 47 6 
8 44.8 3.8 
10 42.7 1.7 


as to how to proceed, and a tremendous amount of additional ex- 
perimental work was outlined for the author, which he regrets 
he will be unable to do. He is not particularly concerned with the 
physicist’s explanation of the fact, but is tremendously con- 
cerned with the fact and how to get around it. 
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Significance of Coal-Ash Fusing ‘Temperature 
in the Light of Recent Furnace Studies 


By E. G. BAILEY,’ NEW YORK, N. Y., ano F. G. ELY,2 NEW YORK, N. Y. 


This paper reviews recent data relating to the fusing 
temperature of coal ash as well as of ash and slag from 
pulverized-coal-fired furnaces of both slag-tap and dry- 
ash-removal types. The highly oxidizing conditions in 
parts of both types of furnaces and the effect upon the 
slag-and-ash formation cause questions to be raised re- 
garding the greatest usefulness of the present A.S.T.M. 
standard fusing-temperature method on a reducing at- 
mosphere alone. Previous work of the Bureau of Mines 
is confirmed in showing that the form of the iron, whether 
ferrous or ferric, is of increasing importance with increased 
iron content. The paper also gives data showing the ap- 
preciably higher percentag of iron in the furnace ash and 
slag over the iron content in the coal ash burned. This 
increase applies to both dry-ash and slag-tap types of fur- 
naces. More research is needed in both plant and labora- 
tory. 


HE extended use of coal-ash fusing temperature in connec- 

tion with the classification, evaluation, and purchase of 

coal, since Dr. Fieldner and his associates (1)* published 
the complete results of their extensive studies on the subject, 
speaks well for the thoroughness with which that work was done. 
From time to time, a few questions of doubt have been raised 
regarding the accuracy with which it represents the relative per- 
formance of different coals in different furnaces and stokers, but 
it has withstood the test of 22 years of most extended and of in- 
creasingly trustworthy use. 

The data presented in this paper do not detract in the slightest 
degree from the work done by Dr. Fieldner, but rather emphasize 
the increasing usefulness of some parts of his work which have 
been overlooked, or have lain dormant until changed methods of 
burning coal have brought about a realization of the limitations 
of the abbreviated data which are so often the only determinations 
now made and available on a given coal. Many analyses give 
only the softening temperature. For stoker and fuel-bed com- 
bustion, there is general agreement that the softening tempera- 
ture in a reducing atmosphere, as prescribed by the A.S.T.M. 
method, is most useful and the initial deformation and fluid point 
are of little importance in so far as the clinker formation is con- 
cerned. 

With the advent of pulverized-coal-fired furnaces of the slag- 
tap type, there was renewed interest in the fluid temperature of 
the ash and much work has been done by Sherman, Nicholls, 
Taylor, and Reid under the direction of the Bureau of Mines (2). 
A portion of it was carried out in association with an A.S.M.E. 
Research Committee on the removal of ash as molten slag. Much 


' Vice-President, The Babcock & Wilcox Company; President, 
Bailey Meter Company. Mem. A.S.M.E. 

? Analytical Engineer, The Babcock & Wilcox Company. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THz AMERICAN 
Society or MEcHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. : 


data were collected from furnaces, primarily from slag as tapped 
and with some from fly ash. A thorough study was also made of 
fluxes; the latest work being concentrated on the viscosity of the 
molten ash from several different coals. 

Both Fieldner and Nicholls recognized the importance of the 
form in which iron existed in ash, as affecting its fusing tempera- 
ture, and the influence of the atmosphere in the laboratory fur- 
nace upon the results. The A.S.T.M. method is based upon a 
reducing atmosphere, hence, resulting in the iron being largely 
in the ferrous (FeO) form in the cone as tested. Nicholls studied 
slag samples and ran fusing-temperature determinations in a 
neutral atmosphere of nitrogen in an effort to learn what was the 
fusing-temperature range of the slag as it existed in the furnace. 
Much of these previous data will be reviewed in further detail by 
plotting them for comparison with later work given in this paper. 

The great importance of iron in the ash and slag has become 
more fully realized as a result of continued field and laboratory work 
relating to the rate of heat absorption in furnaces and boilers, 
as shown in two papers by one of the authors (3). It is believed 
that a brief survey of this work and a comparison of it with the 
previous knowledge will be helpful in planning further work by 
others and coordinating it all through the proper agencies toward 
a reconsideration of the methods of fusing-temperature determi- 
nation and their use in comparing coal of different kinds and the 
results from its combustion. 


CHARACTERISTICS 


Data relating to the characteristics of slag from different parts 
of a two-stage slag-tap furnace are shown in Fig. 1. The coal 
fired has 13.6 per cent iron (as Fe) in the ash. The ash as usually 
analyzed would show this as 19.4 per cent Fe,O; but, since it 
may exist in slag in the forms of FeO and Fe.0;, it has been con- 
sidered to be less confusing to give all percentages as Fe, designat- 
ing how much is in the different oxide forms, or more simply to 
show the percentage of Fe which is oxidized to Fe:0;, the re- 
mainder being FeO, with possibly a very small amount of metallic 
iron, Fe. 

The slag collected in the furnace at A, B, and C, is materially 
higher in iron content than is the original coal ash. This segrega- 
tion is largely due to the pyrites in the coal being coarser and 
heavier, thereby falling into the slag bed. Also the ash particles 
higher in iron content are likely to be more sticky and, therefore, 
adhere more readily to any surface contacted. The oxidation of 
the iron is least in the slag tapped, that is, only 19 per cent of its 
iron is in the form of Fe,0;, and 81 per cent in the form of FeO. 

It should be remembered that the iron oxides are not separate 
and free, but combined with the other ingredients as complicated 
silicates. Their properties and fluxing action, however, are af- 
fected by the form of the iron oxides entering into these silicate 
compounds. 

The ash collected in the boiler-tube bank has about the same 
iron content as the ash in the original coal, and the farther on it 
proceeds in the gas stream the higher is the percentage of oxida- 
tion. The total travel from the burners to the tube bank is about 
60 ft. The fusing-temperature ranges of the slag and ash samples, 
collected from different parts of the furnace, have been determined 
in the laboratory, both in a reducing atmosphere by the A.S.T.M. 
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method, and also in an oxidizing atmosphere. The tempera- 


tures on the oxidizing basis are found to be considerably higher. 


Tests made in a small open-pass boiler, shown in Fig. 2, 


out similar results. This boiler has a furnace 7 ft high from the 
burner to the floor, and a total gas travel of only 21 ft from the 


burners to the superheater bank. 
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Fic. 1 or Stac CHarac- 
TERISTICS IN A TWO-STAGE SLAG- 
Tap FuRNACE 


Fic. 2. CHart or Cuarac- 
TERISTICS IN A SMALL OPEN Pass 


The slag collected in the bottom of this primary furnace shows 
practically all of the iron in the slag (which is 55 per cent more 
than the iron in the original coal ash) to be in the ferrous state. 

The ash collected in the furnace at locations C, D, E, and F 
is only slightly higher in iron than in the coal ash, and this is 
40 to 50 per cent oxidized. Both of these conditions are un- 
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doubtedly brought about because a considerable percentage of 
the ash deposited in these locations arrives in the form of un- 
burned coke, which burns or smolders slowly. Incidentally, the 
rate of combustion in this furnace varied by regular cycles from 
12 to 100 per cent of full rating, the latter being at the rate of 
385,000 Btu per cu ft per hr for the primary furnace. 

It is noted that the fluid temperature of the slag in the primary 
furnace is 210 F lower than the fluid temperature of the same 
slag if the iron were fully oxidized. This results in increasing 
the rate of heat absorption in the primary furnace, as its surface 
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receiving temperature is governed by the fluid temperature of 
the coating of slag which is always present. 


EFFECT OF SLAG ON RaTE oF Heat ABSORPTION 


In order to learn more about the effect of slag on the rate of 
heat absorption in furnaces and to collect samples of slag free 
from contamination by any coal except that being burned when 
the furnace heat-absorption tests are being made, a water-cooled 
probe was developed. This probe is 1'/, in. diam and 5 ft long. 
It can be inserted into any part of any furnace. 

The data plotted in Fig. 3 were obtained by means of a probe 
in a primary furnace, similar to that shown in Fig. 1, burning 
Illinois coal. They show that the probe, when first installed and 
kept clean by continuous scraping for a few minutes, absorbed 
heat at the rate of about 140,000 Btu per sq ft per hr. Within 
about 3 hr, the probe became completely covered with slag to a 
state of equilibrium, that is, it acquired a film of about */s inch 
thickness, with molten slag dripping off as fast as additional ash 
collected. Under these conditions the rate of heat absorption 
decreased to about 50 per cent of the original. 

The relatively great segregation of iron in the slag collected 
in the furnaces previously referred to raised the question as to 
whether this was general in all pulverized-coal fired furnaces. 
Data from 15 coals mostly in different furnaces are given in Fig. 
4. These are arranged to show the percentage of iron in the coal 
ash, and in the slag or dry ash collected from the furnaces. Also, 
the fusing temperature of coal ash and of slag are shown diagram- 
matically, and are arranged in order of decreasing softening tem- 
perature of the coal ash, as determined by the A.S.T.M. method. 

Seven of the furnaces of Fig. 4 are designed for dry-ash re- 
moval, hence, they have no molten slag and little or no vitreous 
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slag. Furnaces 1 to 3 were burning high fusing-ash coal with the initial deformation (perhaps closely related to its initial 
low percentages of iron and showed a relatively small increase sticky temperature) is 250 to 400 deg higher than on the A.S.T.M. 
in iron in the furnace ash over the coal ash. Furnaces 5, 11,14, or reducing-atmosphere basis. It is noted that in most cases the 
and 15 were burning coal having ash of lower fusing temperature _ fusing-temperature range of the furnace ash is lower than the coal 
and higher iron content and showed an increase in iron segrega- ash, when comparison is made on the reducing basis. On the _ 
tion in the furnace ash over the coal ash of the same order as _ oxidizing basis, there are several cases where the furnace ash has i 
that which occurs in slag-tap furnaces burning similar coal. a higher fusing-temperature range than has the coal ash. 

In passing, it should be stated that low fusing-ash coal can be 
burned satisfactorily in dry-ash furnaces if enough water-cooled ImporTaNce oF IRoN IN Coat Ash ON Fusina TEMPERATURE 
surface is provided to keep the ash below its troublesome tem- While it is fully realized that other ingredients“of coal ash 
perature. When the iron in the ash is largely oxidized to Fe,0;, affect its fusing temperature, and especially the relationship be 
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tween silica, alumina, lime, magnesia, and the alkalies, yet it 
seems that they hold a second place in importance to iron. Dr. 
Fieldner’s early work (1) gives analyses of coal from many parts 
of the world, It is noted that those in which we are most in- 
terested, namely, the Appalachian and Mid-Continent fields, are 
of a greater similarity of ash composition than are lignite and 
some other coals. As the coals in which we have been working 
come largely from the Appalachian and Mid-Continental fields, 
we have restricted the plotting of points in Figs. 5 and 6 to these 
areas. 

The data plotted in Fig. 5 include representative data from Dr. 
Fieldner’s early work (1), coal samples covered in Nicholls’ 
references (2), as well as a large number of tests made in connec- 
tion with the authors’ work. In order to simplify the plotting 
of data on this basis of comparison, it was thought best to mark 
the points by the three sources of information rather than to 
differentiate between the individual coals. Anyone who is in- 
terested further can take the data from Dr. Fieldner’s and Mr. 
Nicholls’ work and plot the individual samples, where complete 
analyses of ash and slag are available, and complete data from 
the authors’ work will be supplied to those who are specifically 
interested. 

It is clearly brought out that the fusing-temperature range, 
that is, initial deformation, softening, and fluid points, by the 
A.S.T.M. method in a reducing atmosphere, all vary decidedly 
with the percentage of iron, variations from the average, probably 
being due to ratios of silica, alumina, lime, alkalies, ete. It is 
also noted that the oxidizing basis brings all data more nearly to 
a uniform range, that is, there is not so much spread between the 
initial deformation and the fluid temperature. However, in each 
group, the difference between the reducing and oxidizing atmos- 
phere appears to be a distinct function of the iron content, and 
approaches 500 F for about 25 per cent iron, while on the fluid 
basis the difference is about one half. 

Similar data from the furnace ash and slag from the same coals 
of Fig. 5 are shown in Fig. 6, in so far as they are available. Dr. 
Fieldner did not have data on fluid temperature of coal ash nor 
any data on slag corresponding to the coal ash. Nicholls gave 
data on coal ash and slag from the same coal, but only on a reduc- 
ing basis. 

The percentage of iron in the furnace ash and slag is higher 
than is the iron in the laboratory-prepared ash from the same 
coal, as illustrated in Fig. 4, and as noted from the data given in 
Nicholls’ work. However, Fig. 6 may show more points in a 
given group of iron content than does Fig. 5, because more tests 
have been made on the furnace ash and slag than on the coal. 

Most of the ash or slag with the lowest iron content comes from 
southern West Virginia, where the basic ash is largely fire clay, 
or in approximately fire-clay proportions of silica and alumina, 
with a small amount of iron and lime. If the iron were entirely 
eliminated their fusing temperature would exceed 3000 F. The 
data given are limited by the furnace used to 2850 F, so that 
actual fluid points are undoubtedly higher than those shown. 

Mr. Nicholls has done some thorough work relating to the 
variation in flow temperature of slag with different ferric per- 
centages, as shown in Fig. 7. This is reproduced from Fig. 1 of 
his paper (4). The State Line slag has a silica-alumina ratio 
of 2.51, 37.5 equivalent Fe:O; or 26.3 Fe, and 8.4 CaO + MgO. 

The “ferric percentage” equals 


Fe,0; 
Fe,0; + 1.11 FeO + 1.43 Fe 
In Figs. 1 and 2 this same value is called “per cent oxidation of 


iron.” It is obvious that the same percentage will be obtained 
if the Fe in Fe,O, is divided by the total iron in the ash. 
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TEMPERATURE OF Coat-AsH SLAGs REPLOTTED From DaTa BY 
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Mr. Nicholls does not state whether he was able to recover from 
all slag samples all of the iron in its existing form as either Fe, 
FeO, or Fe,0;. We have sometimes found it difficult to get all 
of the ferrous and ferric iron into solution without causing oxida- 
tion as in the standard nitric-acid method. Therefore, we have 
taken the “per cent oxidation” to be the Fe in Fe,0; divided by 
the total iron actually recovered in Fe, FeO, and Fe,O,. 

It should also be pointed out that Mr. Nicholls is using “flow 
temperature’”’ which is not the same as the fluid temperature called 
for in the A.S.T.M. method. Mr. Nicholls also gives the highest 
ferric percentages to be 70 to 80 per cent in air. Perhaps the 
slag was so vitreous that the penetration of oxygen could not be 
complete. We have found ash from boiler- and superheater-tube 
banks more than 90 per cent oxidized. 

We have made some fusing-temperature determinations on slag 
which had been pulverized and reformed into cones, and com- 
pared them with cones shaped directly from the vitreous slag in 
one piece. As a rule, the latter have a higher fusing-temperature 
range and less spread between the initial deformation and the 
fluid point than when pulverized and reformed. 

Further work by Nicholls (5) gives in his Fig. 4 the effect of 
“ferric percentage” on flow temperature of coal ash. The authors 
have taken the liberty of replotting these data in Fig. 8, grouping 
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them according to the iron content of the slag, and labeling the 
different curves with the percentage of CaO + MgO. The end 
points, or those of maximum oxidation, are taken as differences 
from the 10 per cent ferric condition, and are shown in Fig. 6 for 
comparison with the other work. Also the test by Nicholls of 
State Line slag, previously referred to, is similarly shown in 
Fig. 6. It is noted that Nicholls’ data give a steeper curve re- 
garding the effect of percentage of iron on spread between the 
fluid temperature in oxidizing and reducing condition. 

These differences may be due to the difference in the coal with 
which we were dealing; difference in the method of determining 
the fluid temperature versus flow temperature; or how actively 
reducing and how actively oxidizing the furnace atmospheres may 
have been in the two cases. 


OBSERVATIONS FROM FURNACE OPERATION 


The effect of the different forms of iron in coal ash and slag 
‘is sufficient in explaining many phenomena which may have been 
attributed to other less accurately defined causes. 

Flame impingement produces active cutting of refractory or 
extra high rates of heat absorption in water-cooled surfaces. In 
addition to the higher temperature due to the proximity of the 
turbulent burning fuel, the ferrous condition of the slag fluxes 
refractory more rapidly and keeps slag more fluid, thereby re- 
sulting in a thinner protective coating on water-cooled surfaces. 

Slag can be tapped more easily when operating with low excess 
air, which not only produces a high adiabatic temperature, but 
causes a more fluid slag because of the ferrous condition of the 
iron. 

Higher rates of heat absorption by waterwalls in slag-tap fur- 
naces result from a combination of the preceding phenomena. 

Pyrites in free pieces when properly pulverized and burned 
will result in the formation of Fe,O;, Fe;sO,, or FeO, depending 
upon the degree of oxidizing atmosphere present. But, if the 
particles are too coarse for partial or complete oxidation under 
the burning conditions prevailing, FeS may be formed, a very 
troublesome compound which may collect as a liquid beneath the 
slag bed, often cutting through floors, tubes, etc. This also is 
likely to be the cause of cutting metal away from tube faces above 
slag level under certain conditions of active flame impingement. 

Excess carbon, resulting from coarse unburned coal on slag 
surfaces may reduce any form of iron oxide to metallic iron. Such 
iron settles to the bottom of a molten slag-pool and forms sala- 
manders which are difficult to remove either hot or cold. If 
sufficient metallic iron were removed from the slag by such pre- 
cipitation, the fusing temperature of the remaining slag would be 
raised, due to the lower FeO or Fe,0; content. 

When pulverized coal burns completely, the residual ash from 
some particles may be quite different from the ash of other par- 
ticles. Some have practically no iron present while others may 
have varying percentages of iron, up to practically 100 per cent 
iron resulting from the combustion of pyrites. As boiler furnaces 
are normally operated with some excess air, the tendency is for 
the iron to become fully oxidized to Fe,O; as it passes on with the 
gases. 

Some coke or incompletely burned coal is always present in 
fly ash. When it strikes walls or tubes some adheres and the 
carbon then burns quite rapidly, leaving the ash adhering to 
and combining with other ash or slag already there. Iron in this 
ash, liberated in the presence of burning carbon, is likely to be 
partially or largely in a ferrous (FeO) state. This bears out the 
general observation that coarse pulverization or stratification 
from poor burners results in more slag in boiler- or superheater- 
tube banks than is experienced when operating with fine pul- 
verization and good burners. 

Practically all of the ash carried from fuel beds by the gases 
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of combustion is in the form of coke particles and the resultant 
action of burning out and depositing a troublesome slag takes 
place, similar to that described in the preceding paragraph. 

For dry-ash furnaces the property of coal ash, which it seems 
best to use as a guide in furnace design and adaptation of coal, is 
the initial deformation on the oxidizing basis. With proper pul- 
verization, and burners in good adjustment, the ash reaching the 
wall, and especially the tube bank or superheater, should be 
highly oxidized. As it is desired to operate such a furnace without 
sticky or vitreous slag, the gases should approximate tempera- 
tures at or below that corresponding to the initial deformation. 
It is recognized that coals having ash with high initial deforma- 
tion such as 2800+, can be burned in a given furnace at higher 
rates of combustion and with higher gas temperatures, entering 
tube banks with less slag trouble than can be obtained from 
coals having ash with lower initial deformation temperature. 
The individual furnace and the arrangement of gas flow has a 
great deal to do with the limits which can be satisfactorily used. 
Where gases are flowing parallel to surfaces there is much less 
adherence of a given ash at a given temperature than where the 
direction of flow causes direct impact against the wall or against 
tubes. Therefore, for the present, it seems to be less important 
to learn just what is the sticky point than it is to obtain data on 
some already recognized basis, such as initial deformation, be- 
tween the extreme conditions produced in an oxidizing atmos- 
phere, as distinct from the reducing atmosphere. 

For dry-ash furnaces, the softening temperature is not of par- 
ticular importance, except that a knowledge of it together with 
the fluid temperature are worth-while guides to note where local 
trouble from flame impingement might cause the formation of 
vitreous slag, even though the furnace proper and the tube bank 
were free from any slagging trouble. By making a furnace large 
enough, or at least keeping the rate of combustion low with re- 
spect to the surface exposed, dry ash can be obtained with any 
coal such as No. 11! in Fig 4. 

For slag-tap furnaces, the fluid temperature in a reducing 

atmosphere is probably the most important characteristic with 
relation to the tapping of slag and the range of rating over which 
the boiler can be operated and have slag tap satisfactorily. The 
next important point is behavior of ash in the tube banks where 
slag might adhere, and here the initial deformation on the oxidiz- 
ing basis is again a significant index. The other information, i.c., 
softening temperavure and fluid temperature, may be useful at 
least until performances become better standardized with the 
increased knowledge of ash and slag. 
_ For fuel-bed and stoker operation, the softening temperature 
on the A.S.T.M. method with a reducing atmosphere is un- 
doubtedly the best criterion. Clinker formed in the fuel bed is ina 
reducing atmosphere, and the entire elimination of clinker is im- 
possible except for the very highest softening temperature ash, 
and it must in any event be kept cooler than the fluid point, or else 
a most serious form of trouble will result. As to the indications 
for trouble in the tube bank, that is not so easy where a large 
percentage of all the ash arrives at that point in the form of coke, 
which burns and leaves the ash largely reduced so it might seem 
that the initial deformation on the A.S.T.M. method would be 
some criterion to bird nesting or slagging in tube banks. — 


SuMMARY 

Fusing-temperature determinations of coal ash have served 4 
useful purpose over a period of more than 20 years, and have 
brought about a reasonably accurate basis for comparisons be- 
tween different coals, as to their relative clinkering properties. 

The A.S.T.M. method, which determines the initial deforma- 
tion, softening temperature, and fluid temperature in a reducing 
atmosphere is best adapted to fuel-bed and stoker conditions 


aa 
an 
Ag 

4 

. ‘ 

Swe 

SS 

q 
ge 
4 
4 

4 
3 

i 

= 

a 

ieee 
| 

= 


BAILEY, ELY—COAL-ASH FUSING TEMPERATURE IN LIGHT OF RECENT FURNACE STUDIES 


where the ash forms into clinker in a reducing atmosphere. The 
softening temperature is the most important phase of the 
range. 

With the extended use of pulverized coal, it is found that other 
properties of the ash are important in addition to those already 
recognized by the A.S.T.M. standard. The additional informa- 
tion desired is the fusing-temperature range in an oxidizing 
atmosphere, and also the determination of the percentage of iron 
in the ash. 

There has been a tendency to abbreviate the A.S.T.M. stand- 
ard data, and much published data relating to coal are restricted 
to the softening temperature alone. Some recent publications 
(6) have given only the initial deformation and softening tem- 
perature of the ash in the coal itself. Mr. Gould’s paper (6) 
included a series of very valuable experiments which show the 
segregation of ash but limited the determination to initial 
deformation alone, which, owing to the special nature of this 
work, was justified. In discussing this paper, its authors ex- 
pressed a great doubt as to the accuracy with which fluid tem- 
perature could be determined in different laboratories. 

Mr. Nicholls’ work has injected the term “flow temperature” 
and he has also investigated most thoroughly the matter of slag 
viscosity, from which work he has brought out most useful data. 

It would seem that the time has arrived for reconsideration 
and further investigation, and perhaps new standards, with re- 
spect to the fusing temperature of coal ash and slag 

As to whether or not initial deformation holds a close relation 
to stickiness is uncertain. There is evidence from the collection 
of the first coating of dust on the water-cooled probe that the 
foundation of all slag is a dust of very highly segregated iron 
content. 

Even though the characteristics of coal ash are determined by 
the A.S.T.M. method, plus the fusing-temperature range in an 
oxidizing atmosphere, and the percentage of iron, it is doubtful 
if that information will give all that is necessary to learn what one 
should know of the coal characteristics and the adaptation of 
this fuel to certain equipment. The high degree of segregation 
of the iron in the furnace ash and slag causes much doubt to be 
cast on any determination from the coal ash alone. Perhaps a 
segregation factor might be worked out for different types of 
furnaces and rates of combustion. The surest way is the old way 
of actually testing a given coal in the plant where it is to be 
burned and learn its characteristics and the results from over-all 
performance. To be of value regarding the cost of operation, 
slag removal, etc., such a test should be of at least a week’s 
duration. When such tests are made, complete data not only of 
the coal ash but of the furnace ash and slag should be carefully 
investigated so that a basis of comparison can be formulated 
by coordinating the practical field tests with the laboratory 
tests, 

Active work is still progressing along the line of furnace and 
boiler design wherein the variations in the characteristics of coal 
and its ash are of diminishing importance. The best results 
seem to be taking two seemingly divergent lines: (a) the slag-tap 
furnace of high duty, wherein a wide range of coal can be burned; 
(6) the dry-ash furnace which has been best adapted to coal hav- 
ing ash of high fusing temperature, but when built with ample 
water-cooled surfaces, is suitable to burn the lowest grade of coal 
with a minimum of slag or ash difficulties. To do this requires a 
more expensive unit, and one in which variations in performance 
between pulverized coal, oil, and gas are greatest, and sometimes 
undesirable. 

For the present the evaluation of coal for pulverized firing on 
a basis of its fusing temperature range by A.S.T.M.method should 
be carefully checked with individual furnace type and rate of 
operation before being sure of its true value. 
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P. Nicholls and W. T. Reid, Trans. A.S.M.E., vol. 56, 1934, paper 
RP-56-3, pp. 447-465. 


5 “Viscosity of Coal-Ash Slags,’”’ by P. Nicholls and W. T. Reid, 
Trans. A.S.M.E., February, 1940, pp. 141-153. 

6 ‘Proportions of Free Fusible Material in Coal Ash, as an Index 
of Clinker and Slag Formation,” by G. B. Gould and H. L. Brunjes, 
Trans. American Institute of Mining and Metallurgical Engineers, 
vol. 139, Coal Division, 1940. 


Discussion 


T. G. Estep.‘ The authors of this paper are to be highly com- 
mended for the experimental work and the analysis made of it as 
set forth in this paper. It is the writer’s belief that the only 
difficulties encountered in burning coal in pulverized form are 
from the ash. Any studies increasing our knowledge of the be- 
havior of this constituent during the combustion process will 
make it possible to alter the design of furnaces to eliminate or 
reduce the troubles encountered and thus widen the range of 
coals which can be used satisfactorily in pulverized form. 

The concentration of iron in the slag at the bottom of the 
furnace is no doubt due to the reasons given in the paper, that 
is, greater weight of the particles high in iron; but the fact that 
the iron in this slag is largely in the ferrous state may not be due 
entirely to lack of oxygen in the furnace. If the steam-generat- 
ing unit has a primary and a secondary furnace, the atmosphere 
in the primary furnace will be deficient in oxygen but, if only one 
furnace is used, there will be excess oxygen present. In either 
case, there will be other reducing agents in the furnace atmos- 
phere, such as carbon, hydrogen, and carbon monoxide. Since 
the iron in the ash originally is not in the form of oxides but com- 
bined with sulphur or silicon, it must first be separated from the 
elements in the natural ash and then oxidized. This oxidation 
must be carried out in an atmosphere which has very little oxygen 
and in the presence of strongly reducing agents, also in a very 
short time. The time element is very important because the 
rate of oxidation will depend upon the amount of surface exposed 
for absorption of oxygen as well as the temperature. It is not 
difficult to understand why the liquid particles of ash reach the 
slag bed with the iron in a metallic or ferrous state. In the slag 
bed itself, there is no opportunity for further oxidation because 
the carbon particles reaching the surface of this bed will use 
what oxygen is available. 

In support of the writer’s belief that time is an important fae- 
tor in the oxidation of iron, a paper by M. A. Mayers® shows 


4 Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 

5**Flow Processes in Underfeed Stokers,” by M. A. Mayers, 
Trans. A.S.M.E., vol. 63, 1941, pp. 479-489. 
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that, in fuel beds on underfeed stokers, there is some excess oxy- 
gen in the presence of combustible gases at high temperatures. 
Just how much of this free oxygen is due to a “blow through”’ of 
the air is not known but, if the combustion cannot be completed 
in the short time available, it is reasonable to assume that the 
oxidation of the iron cannot be completed in the same time. 

Even if some of the iron should be oxidized to the ferric state, 
it is possible that dissociation may take place at the furnace 
temperature. 

Nicholls and Reid* have shown that dissociation begins at 
about 2200 F and is very pronounced at 2400 F. A careful 
search of the literature does not reveal much more information 
on this subject of dissociation than that given in the reference,® 
particularly as to the time element and the effect of the atmos- 
phere in which heating takes place. Dissociation should depend 
upon temperature only but it does require time for equilibrium 
to be established. It is doubtful if any pronounced dissociation 
of ferric oxide to ferrous oxide and free oxygen takes place in a 
boiler furnace. 

It is the writer’s understanding that the iron in the ash and 
slag from the different parts of the furnaces was determined from 
the material collected on the probe and that the probe was made 
from iron. Is it possible that some of the iron in the material so 
collected may have come from the probe? Since the iron in the 
ash or slag is small, a very small amount of iron from the probe 
would change the percentage materially. Since iron will oxidize 
in the presence of both oxygen and carbon dioxide, it might be 
well to use a nonferrous probe for collecting the samples. 

In securing the information for plotting the curves of heat 
absorption by the water-cooled probe, was care taken to have the 
same water velocity through the probe for all points? While it 
is realized that these curves are intended to show, only in a 
general way, the effect of slag accumulation on the rate of heat 
transfer, the velocity of the water is a very important factor in 
this measurement. 


A. C. Frevpner.’ Mr. Bailey has a compelling way of focus- 
ing attention on the need of new and better metheds for evaluat- 
ing certain physical and chemical properties of fuels which have 
become important because of new types of equipment or new 
developments in utilization. He does this by formulating a 
scientific analysis of the fundamental principles involved, as in 
his pioneering work on the sampling of coal, or in adapting a 
simple test method and showing its relation to the performance 
of the fuel, as in his cone-fusion test and its relation to clinker 
formation. In the paper under discussion,’ the authors present 
important evidence indicating the need for an amplification of 
the present standard laboratory tests for the evaluation of the 
fusing and clinkering properties of coal ash. 

The softening temperature as determined by the present stand- 
ard A.S.T.M. method has been generally accepted as a rough 
indication of the probable clinkering characteristics of coal ash 
in fuel beds where reducing conditions prevail. However, it has 
been recognized by fuel technologists that the softening tempera- 
ture as indicated by the down point of an ash cone is only a 
single point in a range of temperatures, during which the ash or 
different constituents of the ash begin to soften and «ltimately 
become a more or less fluid slag. The range of this melting proc- 
ess and the viscosity of the ash slag undoubtedly has an impor- 
tant bearing on clinker formation and on conditions produced in 
fuel-burning equipment. For this reason, the standard A.S.T.M. 


®**Viscosity of Coal-Ash Slags,’’ by P. Nicholls and W. T. Reid, 
Trans. A.S.M.E., vol. 63, Feb., 1940, pp. 141-153. 

7 Chief, Technologic Branch, Bureau of Mines, U. 8. Department 
of the Interior, Washington, D. C. 

§ Discussion of this paper is published by permission of the Direc- 
tor, Bureau of Mines, United States Department of the Interior. 
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method includes also a procedure for observing and recording 
the temperatures of initial deformation of the ash cone and the 
temperature at which the cone has spread out over the base in a 
flat layer. This point is known as the “fluid temperature.” 
These additional critical points are shown by the authors of this 
paper to be significant in the study of special ash problems, such 
as those pertaining to slag-tap furnaces and the rate of transmis- 
sion of heat through slag-coated tubes. 

Nicholls and his co-workers at the Bureau of Mines also have 
appreciated the urgent need of more knowledge of the relation 
between the composition of ash and its slagging properties than 
is afforded by the initial deformation, softening, and fluid tem- 
peratures, as given in the standard A.S.T.M. test. The authors 
in the Bibliography of the paper refer (2) to their work on flow 
temperatures and viscosity of ash slags at various temperatures. 
Such data are of fundamental importance in relation to slag-tap 
furnaces and the adherence of layers of slag on heated surfaces. 
They have made considerable progress but much more remains 
to be done. They have developed apparatus and procedures for 
studying the absolute viscosity of ash slags in relation to the 
temperature, composition of the ash, and the oxidizing or reduc- 
ing condition of the atmosphere in which the slag is being formed. 
However, it must be kept in mind that this is no short-term in- 
vestigation. It will require experimentation over a period of 
several years before enough data can be accumulated on which 
reliable predictions can be made on the basis of simple tests 
which may be standardized in a manner similar to our present 
methods. 

The authors have raised the important question of determining 
ash-fusion temperatures in oxidizing atmospheres in order to ob- 
tain data on the extent of slag formation on tube banks or super- 
heaters. This problem also requires extended investigation on 
the correlation of such tests with performance in boiler equip- 
ment. If further studies indicate that fusion tests shculd also 
be made in oxidizing atmospheres, then a standard test can readily 
be developed for this purpose by Committee D-5 of the American 
Society for Testing Materials. The writer feels sure that this 
committee will be glad to cooperate in extending standard tests 
to furnish the increasing amount of data which is required by 
new developments in coal-burning equipment. 

The writer is in agreement with the authors of this paper in 
their plea for further investigation, and perhaps new or additional 
standards, with respect to the fusing temperature of coal ash and 
slag. The Bureau of Mines has been interested in this field of 
study for many years and expects to continue this work to the 
fullest extent of its facilities. The coal-ash viscosimeter, which 
Nicholls and Reid have developed, has provided a new tool 
which permits the accurate measurement of the flowing properties 
of ash slags under various conditions of heating. Such measure- 
ments go to the heart of the problem. The data which they are 
obtaining will afford fundamental information on the mechanism 
of the clinker- and slag-forming process in fuel beds, in slag-tap 
furnaces, and on the surfaces of the furnace and boiler equipment. 
It is hoped that they will be able to continue this work over 3 
period of years and that practical operating engineers will assist 
in applying and correlating their work with practical operation 
in boiler furnaces. 


R. 8. Jutsrup.’ It has been recognized for some time that 
the A.S.T.M. method of determining ash-fusion temperature 
has not proved a wholly reliable guide in predicting the perform- 
ance of coals under actual firing conditions. The reasons show? 
for this discrepancy have been (a) that ash in an oxidizing at 
mosphere fuses at a higher temperature than in a reducing atmos- 
phere, such as employed in the A.S.T.M. method, since some 


*° Harmon-on-Hudson, N. Y. Assoc. Mem. A.S.M.E. 
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constituents of the ash, such as oxide of iron, are reduced to 
oxides with lower melting points, and (b) the A.S.T.M. method 
of sampling and analysis represents the temperature at which a 
thorough mixture of the whole ash of the coal fuses, the mixing 
having taken place before the analysis is made. In actual prac- 
tice, neither the entire furnace is in a reducing atmosphere nor is 
the entire fuel supply thoroughly mixed upon entering the fur- 
nace. 

The investigation of Gould and Brunjes” had for its purpose 
the determination of softening temperatures of the ash in physi- 
cally separable portions of coal and the determination of the rela- 
tive quantities of ash contributed by each portion. To this end 
samples of five different coals were pulverized to pass a 200-mesh 
screen and then separated into gravity fractions from 1.3 to 1.9. 
It is known that reducing coal frees the impurities, this being a 
method employed in coal preparation. These separations indi- 
cated that, in the main, the ash in these coals is composed of 
highly refractory material (2800 F) and easily fusible material 
(under 2300 F). It further showed that these fractions are 
not only physically separable, but are separated in the reduction 
process. The proportions of easily fusible material varied from 
12.6 to 31.4 per cent of the total ash in the coal. 

Applying the work of Gould and Brunjes’® to the authors’ 
studies of slag characteristics, as given in Figs. 1 and 2 of the 
paper, one can visualize that the easily fusible material quickly 
melts upon entering the furnace, and upon striking a tube or the 
furnace floor, in a sticky condition, adheres to it. The refractory 
ash, in union with burning-coal particles or alone, passes through 
the furnace to deposit itself upon generating or superheater tubes 
or other heating surfaces in varying forms of sticky, spongy, or 
granular ash, depending upon whether or not it combines with 
ash of different fusing temperature. The greater concentration 


of iron in the furnaces of Figs. 1 and 2 of the paper may in part 


be accounted for by the presence of a reducing atmosphere 
therein and also" to the greater density of the low-fusion-ash 
particles, causing them, in accordance with Stokes’ law, to be 
more quickly precipitated to the floor. The original form in 
which the iron in the ash existed such as FeS:, Fe,SO, is likely 
reduced to Fe by combustion of the 8, and in its passage through 
the furnace picks up O, to form FeO, Fe,O3, and Fe;Q,. 

The work of Gould and Brunjes,!® therefore, complements the 
authors’ studies and helps to explain the varying forms and con- 
stituents of ash, clinker, and slag found in pulverized-coal-fired 
furnaces. In this and previous similar investigations, the authors 
have given a clear picture of the results of coal ash in the fur- 
naces studied, whereas, Messrs. Gould and Brunjes devoted 
their studies to causes creating these results. They merit the 
thanks of those interested in coal utilization and steam genera- 
tion. 


P. NicHo.ts" anp W. T. Rew.'* This paper" is timely and 
helpful because it again draws attention to our neglect of oppor- 
tunities in that we have made little attempt to use the initial and 
fluid cone-fusion temperatures, but have optimistically hoped 
that ali ash behaviors and all troubles could be explained as be- 


10 ‘*Proportions of Free Fusible Material in Coal Ash as an Index 
to Clinker and Slag Formation,” by G. B. Gould and H. L. Brunjes, 
American Institute of Mining and Metallurgical Engineers, Tech. 
Pub. No. 1175, 1940. 

**Fusion Characteristics of Fractionated Coal Ashes,” by A. H. 
_ and D. D. Langan, Jr., Combustion, vol. 5, Oet., 1933, pp. 13- 


‘? Supervising Fuel Engineer, Bureau of Mines, Central Experiment 
Station, Pittsburgh, Pa. Mem. A.S.M.E. 

18 Associate Fuel Engineer, Bureau of Mines, Central Experiment 
Station, Pittsburgh, Pa. 

4 Discussion of this paper is published by permission of the Direc- 
tor, Bureau of Mines, United States Department of the Interior. 


ing proportional to the softening temperature. That such 
optimism was not justified has been proved by many failures of 
coordination between the softening temperatures and relative 
clinkering or slagging troubles. 

In our attempts at coordination there has been equal fault in 
failing to analyze the dependence of ash troubles on the condi- 
tions to which that ash has been subjected, or, as we have ex- 
pressed it, a consideration of the life history of the ash in terms 
of path of travel, temperatures, and time. For a number of 
years our reports have urged that correct interpretation of clinker- 
ing and slagging requires much more analysis of conditions than 
has been customary. 

The latter part of the paper suggests uses that could be made 
of the three cone-fusion temperatures in connection with dif- 
ferent types of furnaces or methods of burning; such extended 
use of the cone fusions would undoubtedly be an advance, and 
engineers should make a practice of asking for the three fusion 
temperatures when cone tests are made. 

However, even with the values for the three cone-fusion tem- 
peratures, there will always be a limitation to the interpretation 
and analysis of observations of clinkering and slagging, and also 
of the ability to predict the suitability of a coal, unless and until 
we have data on the viscosity of slags. The ease with which a 
molten slag will run or the rate at which it will flow are evidently 
very important in the slagging of tubes or walls in all types of 
furnaces, in fuel beds as affecting the density of the clinkers and 
the clogging of grate bars, and in slag-tap furnaces as affecting 
the ability to tap and the time required. 

The authors bring out a number of interesting points that in- 
vite discussion. First it is suggested that the paper does not 
place enough importance on the lime content of ashes and slags; 
its effects in many respects equal those of iron oxides. Lime be- 
comes of more importance as the iron content is low, or as the 
ferric percentage is high, i.e., under oxidizing conditions. Plots, 
such as those of Figs. 5 and 6 of the paper, will give scattering 
of the points if the lime contents vary. 

The segregation of iron in the slag bed or primary furnace, 
shown in Fig. 4, averages higher than in the eighteen furnaces 
we reported on in 1934 (Table 2, Bibliography (4) of the authors). 
For the slag-tap furnaces of Fig. 4, the increase in iron, expressed 
as percentage of iron in the coal ash, averages 70, with a maximum 
of 90, whereas, ours averaged 11 per cent with a maximum of 32. 
Presumably this is due to higher rates of burning in the primary 
furnace in later designs. 

Tables 1 and 2 of the same paper (4) show that there was 
segregation not only of the iron but also of the lime; in addition, 
there was increase of the silica-alumina ratio. The lime was in- 
creased in twelve and the silica-alumina ratio in sixteen out of 
the eighteen furnaces. 

The authors show that the ferric percentage of the slags and 
ashes increased along the path of travel of the gases and imply 
that what occurs is that the iron in the ash particles is highly re- 
duced in the primary furnace and is then reoxidized along the 
path of travel. We did not examine wall or tube deposits from 
the eighteen boilers, but eleven stations furnished samples of 
fly ash, which were so taken as to match the slag samples; the 
average ferric percentage of ten samples was 77, and the maximum 
84. Our deduction was that the iron in most particles does not. 
have time or opportunity to be reduced in their passage through 
the furnace. However, particles deposited on a wall will have 
ample time to reach equilibrium, and there will be more reduc- 
tion to FeO as the particle is maintained at a higher temperature, 
or is in contact with carbon. 

Whether reduction and then reoxidation occur could be proved 
by collecting fly ash in water-cooled samplers at different posi- 
tions along the path of travel. However, studies we have made 
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on oxidation and reduction of slag particles under controlled 
conditions support our viewpoint of 1934. Reduction of Fe,0; 
to FeO can occur relatively rapidly, as far as the change is due to 
increase of temperature only, but less rapidly by the action of a 
reducing gas or carbon. Reoxidation is relatively slow; the ab- 
sorption of oxygen must start at the surface of a particle of slag 
and work inward; thus, the time required to oxidize will increase 
rapidly with the size of the particles. We do not consider it 
likely that the actions of reduction and reoxidation can occur in 
the few seconds required for the passage of the ash through the 
furnace. 

The foregoing and Fig. 12, of reference (5) of this paper, ex- 
plain why the authors found ash having 90 ferric percentage in 
the rear of the furnace, whereas, in our tests the ferric percent- 
ages were lower for slags that reached equilibrium in air at higher 
temperatures. 

The paper raises a question on the dependability of the chemical 
analyses for total iron and iron forms in slags. The question 
was referred to W. A. Selvig, under whose direction our many 
analyses were made; his report follows: 

“No method for the determination of iron forms in materials 
such as slags is entirely satisfactory. All methods are empirical 
and subject to small errors, the extent of which it is difficult to 
determine exactly. The method used by the Bureau is that of 
the Bureau of Mines Technical Paper 8, Methods of Analyzing 
Coal and Coke. 

“By this method total iron can be determined accurately and 
is calculated to Fe,Os. 

“Metallic iron is determined by digesting the slag with mer- 
curic-chloride solution. Ferrous iron plus metallic iron are de- 
termined by digesting a portion of slag with dilute sulphuric 
acid under specified conditions, whereby these two forms are ob- 
tained in solution, and this soluble iron determined. This iron 
calculated to FeO minus the FeO equivalent of the metallic iron 
represents the ferrous oxide in the slag. 

“The ferric oxide in the slag is obtained by subtracting the 
Fe,0; equivalent of the ferrous oxide and the metallic iron from 
the total equivalent Fe,O; previously found.” 

The authors’ definition of their term “per cent oxidation” is 
the same as ours for “ferric percentage,’ which we define as the 
“ratio of ferric iron to total iron, expressed as a percentage.” 
We question whether the term used by the authors has as definite 
a meaning because both the ferrous and ferric states represent 
per cent oxidation of the iron. 

The authors refer to “‘stickiness” several times. This is an 
interesting and also—we have found—a complex property. It 
would be a blessing if slags would not stick to boiler tubes, but 
independent of whether or not data will be of immediate use we 
should have some understanding of factors involved in sticking. 

A definition is required. Stickiness is more than “wetting;” 
a rod dipped in water will be wetted but one would not call water 
sticky. A rod pressed into tar, heated so that it is just soft, will 
stick, but heat the tar enough, and it will be so liquid that it 
would no longer be sticky. Thus, stickiness involves some meas- 
ure of “force to separate” and, in general, as a slag is heated 
there will be a range of temperature over which it could be called 
sticky. However, it is possible that measures of ranges of wet- 
ting may also be required. 

‘Two surfaces are always involved in sticking; so far our studies 
have been limited to the sticking of slag to slag, both surfaces 
being at the same temperature. We have records of the initial 
temperature of sticking of over 400 slags, included in the report 
of reference (4) of the paper. Most slags had one sticky range; 
others would have two, that is, the stickiness disappeared as the 
temperature was increased and then reappeared. Others seemed 
to have no sticky temperature. 
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A more intensive study of a few slags and glasses showed that 
the stickiness depended upon the liquid phase present in the slag, 
its quantity, and its viscosity; also, the appearance of stickiness 
was related to the rate of heating and cooling. The initial sticky 
temperature of slag to slag tended to equal or be less than the 
cone initial temperature of the premelted ash, but there was no 
definite relationship to chemical composition. 

Studies of the stickiness of slags to other material are included 
in our plans for the future. We have recognized that deposits on 
metal tubes may materially affect the sticking of slags. Con- 
densation of alkalies from their vapors can be one form of de- 
posit and, under special fuel-bed conditions, silica may be 
deposited as the result of oxidation of silicon in the gaseous phase. 

We have studied high-iron black deposits, such as the author 
found on the probe. One sample had 53 per cent equivalent 
Fe,0;, twice the CaO of the coal ash, and a somewhat higher 
silica-alumina ratio; the ferric percentage was 78. A micro- 
scopic examination showed that it was composed of particles of 
fly ash, lightly fused together. The conclusion was that those 
particles having high iron and lime stuck to the tube more readily 
because they were stickier than the refractory particles. 

The intensive studies on pulverized-coal furnaces which Mr. 
Bailey has organized should be extended to other types of " fur- 
naces, to producers, and to kilns, in the attempt to correlate the 
life history and forms of the ash more definitely with its composi- 
tion and properties. A few complete studies should give pat- 
terns for reference in each class of burning. The probe and other 
innovations in methods of tests devised by the authors will be 
valuable tools in such investigations. 

However, before such studies are undertaken there must be 
more complete knowledge of the absolute properties of the ash 
than is given by even the three cone-fusion temperatures. The 
cone values are at best related to arbitrarily fixed conditions of 
test, and vary with changes in the conditions. Premelting the 
ash and making up a cone can change the initial deformation 
temperature as much as 300 F from that of the original ash. 
Which is the correct value to use? Ashes have definite physical 
properties, such as viscosity and surface tension, which are ex- 
actly, or very closely, defined by the chemical composition. To 
have definite meaning, the cone temperatures must be compara- 
tive measures of the physical properties; therefore, it is necessary 
to determine whether such relations exist and can be used, or 
whether the values for the primary physical properties should 
supplement the more easily obtained cone-fusion values. 


E. B. Poweitu.“ The authors devote the greater part of their 
comment to the influence of atmosphere on the properties of coal 
ash as deposited in different parts of the furnace and on heat- 
absorbing surfaces. In this they point out the effect of the 
combustion stage of the individual particle in determining the 
surrounding atmosphere and the importance of fineness of pulveri- 
zation as a factor in determining the combustion stage of the 
particle in any part of the furnace or path of the combustion 
products. These observations are of great value. Apparently, 
however, the primary purpose of the paper is to urge further 
study of the ash-fusion determination and the inclusion in the 
determination of the effect of an oxidizing atmosphere. The 
writer is in hearty agreement with the authors in this plea. He 
would add, however, that in the further study special attention 
should be given to definition of the atmosphere. The authors 
themselves suggest as a possible explanation of differences ob- 
tained in determinations made in their own and the Bureau of 
Mines laboratories, differences in degree of reducing and oxidiz- 
ing properties of the respective furnace atmospheres. A further 
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illustration of the relative indefiniteness of the expressions “re- 
ducing” and “oxidizing,” as applying to laboratory-furnace 
atmospheres, is given in Table 1 of this discussion, covering data 
secured, for purposes of comparison, a few months ago on ash 
from one of the Pennsylvania bituminous coals. 


TABLE1 FUSION TEMPERATURES OF COAL ASH AS AFFECTED 
BY ATMOSPHERE, IN DEG F 


A B Cc D 
Initial deformation.......... 1925 1990 2245 1980 
Softening... 2640 2790 2375 2320 
3030 2905 2540 2490 


~ Nore: The furnace atmospheres are designated as follows: A, carbon 
monoxide; B, carbon dioxide, largely decomposed to CO and O:2; C, products 
of coke combustion in air, slightly reducing; D, air. 


Atmosphere C, while not in exact accord with the A.S.T.M. 
specification, was probably in rather close accord with that usu- 
ally obtained under the specification. It will be noted, how- 
ever, that, except in the temperature for initial deformation, 
the values secured in the two atmospheres C and D, are not radi- 
cally different, the lower values, to the extent of the difference 
which occurred, being reported for the atmosphere of air. 


A. SHerMan.'® The authors have very properly 
stressed the increase in the iron content of the furnace ash and 
slag over that of the original coal ash and the importance of the 
degree of oxidation of the iron in the ash or slag in the determina- 
tion of the fusion characteristics of the material. They have re- 
lated the degree of oxidation of the iron to the composition of the 
atmosphere and suggest that for pulverized-coal furnaces, particu- 
larly, the fusion temperatures should be determined in an oxi- 
dizing as well as in the standard A.S.T.M. reducing atmosphere. 

The writer agrees that the composition of the atmosphere is 
important both in the boiler furnace and in the ash-fusion fur- 
nace but another important factor in the determination of the de- 
gree of oxidation of iron, that the authors have not mentioned, 
is the temperature to which the slag is subjected either in the 
boiler furnace or in the ash-fusion furnace. As expressed by the 
writer in a Bureau of Mines bulletin:!7 “Ferric oxide is not 
only reduced by CO, H:, and CH,, which are present in boiler 
furnaces, but also, even in an oxidizing atmosphere, it begins to 
dissociate under atmospheric pressure at a temperature of about 
2500 F into oxygen and a solid solution which is probably FesO, 
in FeO.” 

In an earlier publication™ on the investigation of boiler-fur- 
nace refractories and later in bulletin"’ the writer called attention 
to the segregation of iron in the slag deposits on boiler tubes and 
presented data on the ratios of FeO to Fe,O; in slags. For ex- 
ample, Table 2 of this discussion shows the content of the Fe,0; 
in the ash of a coal from the Illinois No. 6 seam and the Fe,0; and 


FeO contents of slags from a furnace fired with a traveling-grate 
stoker. 


TABLE 2 ASH AND SLAGS FROM ILLINOIS NO. 6 COAL ON A 
TRAVELING-GRATE STOKER 


Composition, 
cent——._ Softenin 
Fe0s FeO _ temp, 
19.8 ey 2010 
14.7 16.9 
23.7 1960 
22.7 7.3 2060 


The slag taken from a water-cooled sampling tube in the fur- 


16 Supervisor, Fuels Division, Battelle Memorial Institute, Colum- 
bus, Ohio. Mem. A.S.M.E. 


Study of Refractories Service Conditions in Boiler Furnaces,” 
ae A. Sherman, U. S. Bureau of Mines, Bulletin 334, 1931, p. 


‘ * “Refractories,” by Ralph A. Sherman, W. E. Rice, and L. B. 
erger, Mechanical Engineering, vol. 48, 1926, pp. 1389-1396. 


nace not far above the fuel bed not only contained a higher per- 
centage of total iron than did the coal asi but the percentage of 
FeO was greater than that of the Fe.0;. The slag on the boiler 
tubes was divided for analysis into the less strongly fused ma- 
terial next to the tubes and the strongly fused material on the 
outside of the pieces. That next to the tube contained only 1.7 
per cent FeO, whereas, that on the outside of the pieces contained 
7.3 per cent. The atmosphere around tie water-cooled tube 
may have been reducing at least part of the time, whereas, the 
conditions at the boiler tubes were undoubtedly oxidizing at all 
times. It is certain that the temperatures around the sampling 
tube were much higher than at the boiler tubes. We cannot be 
certain, therefore, as to whether the atmosphere or the tempera- 
ture had the greater influence on the degree of oxidation of the 
iron in comparison of the material at the two positions. 

Considering the material from the boiler tubes, however, it is 
reasonably certain that the atmosphere around the tubes was 
similar at all times but the temperature to which the material on 
the outside and inside was subjected was considerably different. 
The material, which collected adjacent to cool tubes, contained 
much less FeO than did that on the outside which had been 
heated to a higher temperature and this difference must have 
been due to the temperature alone. 

The softening temperatures were unfortunately determined 
only under the standard reducing conditions. They were all so 
low that the effect of the differences in the degree of oxidation of 
the iron did not appear. 

Another example of the difference in degree of oxidation of the 
iron was given in the bulletin.” In a furnace fired with Pitts- 
burgh coal on a traveling-grate stoker, the percentages of Fe,0, 
and FeO in a sample of slag collected on a water-cooled tube in 
the furnace were 7.2 and 39.2, whereas, the slag sample from the 
boiler tubes contained 46.2 and 2.9 per cent, respectively. Other 
examples of the degree of oxidation of slags are given in the bulle- 
tin, but none shows definitely whether the difference was due to 
the atmosphere or to the temperature. 

In the data given in the authors’ Figs. 5 and 6, the effect of 
temperature on the degree of oxidation may be suspected from 
the decrease in the differential between the fusion temperatures 
in oxidizing and reducing atmospheres as the temperature in- 
creases. That is, it is clearly shown that the difference in the re- 
sults for the two atmospheres is less for the fluid temperatures 
than for the softening or initial-deformation temperatures. 
This undoubtedly results from the fact that the fluid tempera- 
tures were in the range where reduction of Fe,O; occurred inde- 
pendently of the atmosphere surrounding the cone. 

Likewise, the smaller differential for the two atmospheres with 
the lower iron content of the ash or slag may have been partly 
due to the effect of temperature, as these materials with lower 
iron content had to be raised to a higher temperature in the de- 
termination than did those with higher iron content. 

Of the two factors affecting the degree of oxidation of the iron 
in ashes and slags, the composition of the atmosphere is probably 
more important than the temperature but the latter cannot be 
neglected. Their effects cannot be definitely determined by the 
determination of the fusion temperatures as, independent of the 
former history of the material or of the atmosphere in the fusion 
furnace, the cone may have to be heated high enough so that the 
temperature reduces the iron. 

As the authors have concluded, further research is needed. 
To determine definitely the effect of atmosphere and tempera- 
ture, the ferric and ferrous iron should be determined in samples 
of slags which had been heated to various temperatures in 
various atmospheres long enough to attain equilibrium and then 
quenched to maintain the iron in the state to which they had 
been brought. 
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J. E. Tosey.'® Ash hes always been the chief mischief-maker 
in the burning of coal on both stokers and pulverizers. Troubles 
from the other properties of coal have gradually been solved. 
While splendid progress has been made with ash, this has been 
partially offset by new critical conditions arising from the in- 
crease in boiler pressures and temperatures. The authors have 
forged another great link in the chain of priceless contributions 
Mr. Bailey has made in the solution of combustion problems. 
As indicated in the paper, the major importance of iron in ash 
and slag must be recognized and provisions made to do more ex- 
haustive research on the problem in both plant and laboratory. 
Recent work by Bailey and Nicholls on ash properties furnish an 
excellent springboard from which to launch a comprehensive re- 
search program. It is believed that the interested technical 
groups should immediately set in motion the necessary machinery 
to carry through such a program. 


AvutTHors’ CLOSURE 


The authors wish to express their thanks for the several 
discussions offered on this paper and for the active interest shown 
in further investigation of the behavior and influence of ash and 
slag. They acknowledge the many limitations in the data pre- 
sented on a subject of such complexity and agree with Dr. Field- 
ner that, for ultimate solution, the problem must be resolved into 
its fundamentals. This will require the efforts of many investi- 
gators along different but coordinated lines. 

The work of the Bureau of Mines on slag viscosities with rela- 
tion to the phase of tapping, and of Gould, Brunjes, and others, 
as cited” by Mr. Julsrud, in regard to the effects of separable con- 
stituents of the ash at its source, are examples of great impor- 
tance. In the meantime, much practical value may be gained 
from a more complete recognition of such over-all gross character- 
istics as can be determined from simple established tests, and from 
a study of their relation to conditions existing in the operating 
boiler furnace. 

Prof. Estep has brought out one point which we wish to clarify 
at once by stating that all of the authors’ slag samples, referred 
to in the paper, were taken from furnace or boiler heating sur- 
faces and not from the thermal probe. A great many probe 
samples have of course been obtained, and have yielded data of 
rather special interest but, in the present discussion, the data are 
restricted to furnace or tube-bank samples. In procuring the 
samples, care was taken to prevent contamination, by using stain- 
less-steel tools that were cooled intermittently by dipping them 
in water. The condition of these tools over extended periods of 
use indicates a negligible deterioration. 

Laboratory fusion tests were made with standard-cone speci- 
mens heated in a gas-fired muffle furnace. For the “reducing 
condition,” A.S.T.M. specifications were followed, by which a 
reducing atmosphere was maintained through the use of an excess 
of fuel gas, as evidenced by yellowish flame extending from the 
opening in the cover of the furnace for a distance of 6 to 7 in. 
The “oxidizing condition” was produced in the same furnace by 
using an excess of combustion air, controlled by means of orifices 
installed in the gas and air lines supplying the burner. Orsat 
analyses of gases within the cone chamber have shown the 
following composition: 

CO:, O2, 
per cent per cent per cent 


8.2 to 10 0 2t0 4.8 
10.0 to 11 1.6 to 2.8 0 


co, 


Reducing condition 
Oxidizing condition 


The final state of oxidation of the fused-cone sample, as checked 


1 Vice-President in Charge of Engineering, Appalachian Coals, 


Inc., Cincinnati, Ohio. Mem. A.S.M.E. 
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in one case, after being specially mounted on a platinum plaque, 
was found to be: 


Fusing temperatures 
Reducing Oxidizing 
atmos- atmos- 
phere, phere, 
deg F deg F 
2000 2380 
2110 2490 
2360 2610 


Total 
iron 
(as Fe), 
per cent 


Ferric 
percent- 
age 

Original slag sample... 60.4 25.3 
Fused in reducing at- 
mosphere at 2360 F 
lused in oxidizing at- 
mosphere at 2610 F 


4.6 
73.0 


It is realized that some variation in test-furnace control, and 
its influence upon the final state of the sample, may add materially 
to the scattering of points in Figs. 5 and 6 of the paper, in addition 
to the effects of undetermined fluxes such as lime and magnesia, 
as mentioned by Mr. Nicholls. Dr. Fieldner’s suggestion of es- 
tablishing an A.S.T.M. standardized procedure for tests in the 
oxidizing condition is appropriate and is greatly needed. 

The rather startling comparisons cited by Mr. Powell, in Table 
2 of his discussion, may find a partial explanation in the early in- 
vestigations of Dr. Fieldner, reference (1), where atmospheres of 
CO and CO, (and H; and H,O) were used in various proportions. 
Higher softening temperatures were observed for the 100 per 
cent CO or the 100 per cent CO, atmospheres than for interme- 
diate proportions of mixture, and this was attributed, respec- 
tively, to a predominance of metallic iron, ferric iron, and ferrous 
iron, as shown by final analysis of the samples. 

The comparison of Mr. Powell’s samples C and D, and of these 
with samples A and B is not at all clear, and it would be interest- 
ing to know the further composition of the ash, and whether these 
results are confirmed by duplicate test. It has been pointed out 
by Reid** that extremely low concentrations of oxygen, in an 
otherwise neutral atmosphere of unpurified nitrogen are nearly 
as effective as air in oxidizing molten slag. It may be possible 
that sample C would be found as high in ferric percentage as 
sample D, but there is still no apparent explanation for their re- 
lation to samples A and B. 

By a somewhat opposite process, the softening temperatures of 
different ash samples, mentioned by Mr. Sherman, would tend to 
be similar to one another in spite of initially different ferric per- 
centages, because of the reducing action of the test furnace when 
run according to A.8.T.M. specifications. 

We are in complete agreement with Mr. Nicholls’ recommenda- 
tion of using the term “ferric percentage’”’ instead of the authors’ 
“‘per cent oxidation,” for reasons which he mentions. This term 
becomes practical as an inverse index of the fluxing power, on the 
consideration that the content of metallic iron is usually negligible. 
We believe, however, that the expression for total iron content, 
and percentages of its oxide forms, is more readily grasped in 
terms of elemental Fe. 

In the determination of iron forms, it is important that analy- 
sis methods be developed for identifying all forms individually. 
Digesting in HCl, or in H.SO, and HF solutions has in some cases 
failed to dissolve more than 30 per cent of the total iron in the 
slag and, if the state of the undissolved portion is accepted, by 
difference, as being FeO; the resulting value of ferric percentage 
may be considerably misleading. 

In the paper, the presentation of data from laboratory work 
stressed the contrast between oxidizing and reducing atmospheres 
because that was the only controllable change in test procedure. 
It was not intended to imply that the atmosphere was the only 


2 “Control of Forms of Iron in the Determination of Fusion Tem- 
peratures of Coal Ash,” by W. T. Reid, Industrial and Engineering 
Chemistry, Analytical edition, vol. 7, 1935, pp. 335-338. 
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factor influencing the ferric percentages as found in the ash and 
slag accumulating in different parts of the boiler furnace. Tem- 
perature undoubtedly has an important bearing, as mentioned by 
Messrs. Sherman, Nicholls, and Estep, and both effects may be 
modified by the time interval in which they are active. 

Considering, however, that the principal source of iron from 
the coal ash is in the form of pyrites (FeS.), it is apparent that the 
ferrous, or lower state of oxidation, may first be produced in the 
presence of heat and limited reaction with oxygen. 


FeS,; + heat + O, 
2FeS + 30, 


FeS + SO, 
2 FEO + 2S0, 


This being the more stable form, at the higher temperatures of 
combustion, it is extremely probable that ferric iron can occur 
only after further oxidation takes place at a later stage of the 
process, where lower temperatures are conducive to its stability. 
In other words, the higher furnace temperatures prevail where 
there is also a prevalence of free carbon and other reducing agents 
(such as hydrocarbons, CO, and H,). These are intimately asso- 
ciated with the ash as it is released from the fuel particle. Al- 
though ample free oxygen is present in the primary burning zone, 
its reaction with the ash or slag particle is retarded by the shield- 
ing or the preferential oxidation of the combustible fractions. As 
the burning fuel passes on through the furnace, radiating heat 
to the furnace walls, the temperature decreases simultaneously with 
the diminishing or disappearance of the reducing agents, and a 
very small concentration of unused oxygen will then serve to 
convert the ferrous oxide to ferric oxide, as by the reaction: 


4 FeO + O, = 2 Fe,0; 


For the present it is conceded that both temperature and at- 
mosphere (or carbon) are factors affecting the ferric percentage, 
but that they tend to vary simultaneously, and in a mutually 
assisting direction in a water-cooled boiler furnace. The higher 
temperatures in the initial stage may be considered as inhibiting 
complete oxidation of the iron, with progressive steps taking place 
from FeS, to FeO to Fe.O; as the reducing action and tempera- 
ture are decreased. 

The relative importance of temperature and kind of atmos- 
phere or presence of carbon remain to be established from fur- 
ther experiment, but it is doubtful if, in an operating furnace, any 
appreciable reduction takes place in a direction from the ferric to 
the ferrous condition. 

The curves from Mr. Nicholls’ Fig. 12 of reference (5), as cited 
by Prof. Estep, may be interpreted from a point of view that is re- 
versed from the procedure of his tests, namely, that a slag of low 
initial ferric percentage, which is formed under conditions of high 
temperature, may remain low in ferric percentage until its tem- 
perature is sufficiently lowered to permit further oxidation. This 
is consistent with the findings of Mr. Sherman in his analyses of 
slag from the sampling tube and from the inner and outer por- 
tions of the boiler-tube samples, and is particularly significant in 
regard to the tap slag of Figs. 1 and 2 of the paper, where flame 
direction causes a direct delivery of ash and slag particles to the 
floor, with the presence of some carbon, and a maintenance of 
high slag temperatures. 

In conclusion, the authors again wish to urge a greater appre- 
ciation of these important and potentially controllable proper- 
ties of ash and slag in the interpretation of furnace design, opera- 
tion, and coal selection, and to urge renewed activity in the study 
and coordination of research and practical experience. 
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Flow Processes in Underfeed Stokers 


By MARTIN A. MAYERS,'? PITTSBURGH, PA. 


This paper is devoted to a consideration of the types of 
flow of materials in underfeed multiple-retort stokers. 
Such flow studies include solids such as the fuel and ashy 
refuse; gases, such as air and the products of combustion; 
and heat, especially that portion which recirculates within 
the bed and leads to preparation and ignition of the fuel. 
The types of flow have a definite bearing on the mainte- 
nance of the fixed pattern in the fuel bed which has been ob- 
served at each tuyére stack and the adjacent retort. From 
the data compiled, the author develops the features which 
would be possessed by a stoker designed for much higher 
duty than any now in existence, and analyzes the possible 
results to be attained. 


OMBUSTION in fuel beds, though it has been practiced 
C as an art for many years is, even today, scarcely under- 
stood; only recently has it become the subject of experi- 
mental investigation. The work of Kreisinger (1)? and his asso- 
ciates, reported in 1916, was perhaps the first attempt at a scien- 
tific approach to the elucidation of the mechanism. The re- 
sults showed that, in ignited fuel, the air passing up through the 
bed first attacked the fuel by an over-all reaction resulting in the 
complete combustion of carbon to CO., which subsequently at- 
tacked additional carbon in higher levels of the bed, producing 
carbon monoxide with the absorption of a portion of the heat 
first liberated. It should be noted at this point that these over- 
all processes need not be determined by the so-called primary 
reactions of oxidation (2). Even though a considerable portion 
of the oxygen reacting initially with pure carbon goes to the 
monoxide rather than to the dioxide, the monoxide would be 
burned to the completely oxidized form before it had diffused 
out into the gas stream far enough to be caught by the sampling 
tubes in such large-scale experiments. The order in which these 
reactions occur in ignited beds, as shown by Kreisinger and as- 
sociates, has been amply confirmed by repetitions of their work 
with many different fuels both here (3) and abroad (4, 5, 6, 7). 
This work also showed that, in fuel beds which are more than 
a few inches deep, the rate of burning is proportional to the rate 
of air flow, a fact which is constantly used by engineers in the 
control of power boilers. That this must be so follows from the 
relative speeds of the combustion reactions with oxygen and 
carbon dioxide; in fact, the ratio between the weight of fuel 
burned by a stream of, air passing through it and the stream 
velocity is a function of the fuel-bed depth given by an expression 
(8) approximating (1 — e~*) for large values of z. 

Fig. 1 shows that the great change in the function occurs for 
very small values of z, corresponding to fuel-bed depths of 1 to 
3 in.; for larger values, the ratio increases continually but very 
slowly. 

After these classical investigations, there was little novelty in 
the experiments performed until 1934, when Nicholls and Eilers 


‘Coal Research Laboratory, Carnegie Institute of Technology. 
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(9) presented their paper on ignition by underfeed action. The 
new data did not conflict at all with the results of Kreisinger 
but, in so far as they covered the same region, confirmed them. 
The novelty in these results lay in the light they shed on the proc- 
esses of ignition of fresh fuel entering the fire. In pure under- 
feed burning, as set up in these experiments, a deep fuel bed 
through which air is forced at controlled rates is ignited at the 
top and allowed to burmdown, which is, obviously, equivalent to 
forcing fuel upward into a stationary fuel bed. It was found that 
only under certain conditions could the plane at which ignition 
occurred work its way down through the bed. At low air-flow 
rates the rate at which the plane of ignition advanced increased 
very rapidly; more rapidly, indeed, than did the rate of burning 
which, as previously indicated, was merely proportional to the 
air-flow rate. However, as shown in Fig. 2, as the air-flow rate 
increased still further, the rate of ignition could not maintain its 
advantage over the rate of burning and was finally overtaken. 
Beyond this point, the junction of the curve and the straight line 
in the figure, burning could take place only as fast as the fuel was 
ignited, so that the burning rate fell off from the straight line 
representing the burning rate of ignited fuel, and eventually 
reached zero along the downward course of the curve representing 
the ignition rate. 
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This behavior is so curious that it almost explained itself. It 
was not long before it was shown that a mathematical analysis of 
heat flow in a conducting bed (8) could explain the results ob- 
served, and permitted calculating rates of ignition (10) which 
agreed reasonably well with those measured in Nicholls’ experi- 
ments, as shown in Fig. 3. The calculation is based on the con- 
cept that the heat radiated among neighboring particles within 
the fuel bed obeys the laws of thermal conduction in flowing in 
the direction of decreasing temperature. Thus, heat will flow 
from the hottest part of the bed, which is only a short distance 
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Fie. 3 CatcunaTep Rates or IGNITION IN PURE UNDERFEED 
BURNING 
(Figures on curves indicate coke size.) 


above the plane of ignition, down toward the unignited fuel. A 
portion of this heat is picked up from the fuel by the air for com- 
bustion flowing up through the unignited fuel. As long as the 
air-flow rate is small, more heat may be conducted downward 
than is carried back again by the air, and the unignited fuel will 
rise in temperature at a rate depending upon the magnitude of 
this excess. The data indicate that the amount of heat conducted 
down into the unignited fuel increases very rapidly at low air- 
flow rates, but then reaches a nearly constant value so that, as 
the flow of air increases, it returns more and more of this heat 
to the burning zone. Thus, the rate of ignition must fall off, just 
as shown in Nicholls’ experiments. 

This mechanism is readily applied to the ignition process on 
chain-grate stokers; in fact, testing devices, similar in principle 
to the experimental apparatus used by Nicholls, have been de- 
veloped abroad (11, 12, 13) to predict their performance with 
different fuels. It could not, however, account for the behavior 
of fuel beds in multiple-retort underfeed stokers. In the first 
place, higher rates of burning have been observed on such stokers 
than the maximum rates of ignition observed in the experimental 
apparatus. Since the fuel was burned, it must previously have 
been ignited, so it appeared that the underfeed stoker can ignite 
fuel faster than it could be done in pure underfeed burning. Fur- 
thermore, it is common knowledge among combustion engineers 
that unconsumed air could pass through the fuel beds of underfeed 
stokers under certain conditions of operation. If these beds, 
which might be 1 to 3 it. deep, had the same character as those 
occurring in the experimental fires, either pure underfeed, or 
overfeed as in Kreisinger’s work, it would be utterly impossible 
for unconsumed oxygen to pass through them, since all the 
oxygen in the air disappears at levels not more than 6 in. above 
the plane of ignition. 
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More recent investigations have been undertaken to show the 
sources of some of these apparent discrepancies. They arise 
from our failure, until recently, to appreciate or understand the 
actual geometry of the fuel bed in underfeed stokers. A recent 
investigation (14) has, however, shown that the structure of the 
fuel bed in such stokers is quite different from the ideas current 
among engineers; it shows that the bed is made up of a multi- 
plicity of similar units associated with each tuyére stack and the 
adjacent retort, and that conditions along each such unit do not 
change qualitatively from the head end of the stoker to the exten- 
sion grate. The present paper is devoted to consideration of the 
types of flow of materials; solid, as the fuel and the ashy refuse; 
gaseous, as air and the products of combustion; and heat, es- 
pecially that portion of it which recirculates within the bed and 
leads to preparation and ignition of the fuel, which takes 
place in such a way as to maintain the fixed pattern observed in 
such beds. 


STRUCTURE OF THE FUEL Bep 


A cross section through a portion of the bed of an underfeed 
stoker is shown in Fig. 4, while Figs. 5 and 6 show similar sections 


TUYERE 
RETORT STACK 


Fig.4. D1aGrammatic Cross SEecTION oF Bep ora MULTIPLE- 
Retort UNDERFEED STOKER 


on which are developed contours of equal temperature and of 
constant gas composition. The outstanding characteristics of 
the structure are as follcws: The center of the retort contains 
green coal, extending almost the full height of the bed, with only 
a thin skin of coke on top of it. This coal is confined within walls 
of semicoke and coke, which border and confine the burning 
lanes directly above the tuyére stacks. The high temperatures 
generated in the burning lanes cause the formation of shrinkage 
cracks in the coke walls so that the agitation of the bed by the 
motion of the stoker breaks off portions of the now fully car- 
bonized walls. These particles fall down'into the burning lanes, 
producing a more or less well-defined fuel bed in the burning lane, 
the height of which is less than that of the fuel in the retort. 


_ Through this fuel bed, the main portion of the air stream flows 


upward. Since the fuel has already been heated to a sufficiently 
high temperature, the air is consumed by combustion, releasing 
energy. 

Such cross sections as these are repeated across the stoker as 
many times as there are retorts; the sections at different longi- 
tudinal positions differ from that shown here, which was observed 
at about the middle of the stoker, only quantitatively, not in 
kind. Thus, at the head end of the stoker, the coke walls are 
thinner, and may be closer to the center line of the burning lane, 
producing a narrower lane; while at the tail of the stoker, the 
coke walls are thicker, and should, if the stoker is being correctly 
operated, have penetrated to the center line of the retort so that 
all the coal is coked. 
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POSITION NO. 
IN. 


Fig. 5 Contours oF CONSTANT 
TEMPERATURE IN FuEL BED OF A 
UNDERFEED 
STOKER (14) 
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POSITION NO.3 


Fic. 6 Contours oF CONSTANT — 
Oxy@EN CONCENTRATION IN FUEL . is 
Bep or A MuttipLe-Retrort Un- 
DERFEED STOKER (14) 
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RETORT STACK 


Gas AND AIR FLow 


As mentioned, the main part of the primary-air stream flows 
from the tuyéres up through the bed of broken coke at the bottom 
of the burning lane. During this passage it is consumed by the 
burning of the coke so that its oxygen content usually drops 
practically to zero at distances of 3 to 5 in. above the tuyéres. 
If the bed in the lane is much deeper than that, considerable per- 
centages of carbon monoxide may appear in the gases leaving 
the lane. On the other hand, there may be places within the lane 
where the coke bed has not been replenished at the proper rate, 
so that unconsumed oxygen may, at these points, pass entirely 
through the bed and out into the furnace. In general, the oxygen 
concentration at any level may vary within rather wide limits, as 
shown in Fig. 7, depending upon the stream velocity of the fila- 
ment of flow from which the sample is taken, and the proximity 
of coke surfaces, but the average analysis tends to follow the 
pattern just described. 

A relatively small portion of the primary-air stream passes 
under the bottom of the coke wall, which defines the burning 
lane, into the retort, and flows through it at low velocity be- 
cause of the high resistance to flow caused by the dense packing 
of the small coal in this region. This air may return to the main 
stream passing up through the burning lane near the top, or it 
may pass out through the top surface of the coal in the retort 
into the furnace. In either case, it will carry with it the tar 
vapor and gases released by the coal being carbonized in the walls 
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of the lane. That this air has been within the combustion zone 
for only 1 in. or so is shown by the analysis of gas from the re- 
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torts at points inside the envelope of semicoke. It contains 
small concentrations of carbon dioxide, corresponding to that 
at levels of '/. to 1 in. above the tuyéres, and increasing concen- 
trations of hydrogen and methane as the coking zone is ap- 
proached. At yet higher levels in the retort, the carbon dioxide 
and monoxide also increase, while the oxygen decreases, until 
the skin of coke at the top of the retort is penetrated, when, in 
many cases the oxygen concentration again increases while the 
combustible constituents tend to disappear. This indicates that 
there may be a layer of comparatively cold stagnant air lying on 
top of the retorts, which is only slowly aspirated into the main 
gas stream rising from the burning lanes. Additional evidence 
of the existence of this phenomenon will be apparent later. 

Some of the air, carrying products of combustion from the 
retort, may pass into the burning lane at levels below the top of 
the retort through shrinkage cracks in the coke and semicoke 
walls. Such shrinkage cracks are likely to be much deeper and 
more open in these walls than they are in coke formed in a by- 
product oven, because of the higher temperatures to which the 
walls are exposed, and the agitating action of the feeding mecha- 
nism. Thus, there may be quite free passage, at some levels, 
from the retorts out to the open space in the top of the burning 
lane. The entrance of this gas mixture into the burning lane is 
marked by the appearance of an increase in the concentration of 
the constituents hydrogen and methane in the gas, and a simul- 
taneous increase in the concentration of oxygen. The combus- 
tible gases, both those brought by the air from the retort, and 
the carbon monoxide from the gasification that took place in the 
lower parts of the burning lane where a continuous fuel bed 
existed, combine rapidly with the available oxygen. The result- 
ing gas flame, in the protection of the burning-lane walls, results 
in the highest temperatures observed in the bed, observations of 
3000 F and even higher being not uncommon. In general, even 
with the air entering from the retort, there is insufficient oxygen 
completely to burn out the combustible gases issuing from the 
top of the burning lane. But, as the gases leave the lane, the 
oxygen concentration again increases, as shown in Fig. 7 for 
levels 9 to 11 in. above the tuyéres. This also supports the con- 
clusion that there is a rather stagnant layer of relatively cool 
unconsumed air above the retorts which is slowly aspirated into the 
jets rising from the burning lanes. 

Visual evidence of the existence of this stagnant zone above 
the retorts appeared during tests of high-volatile coal in the 
work (14) referred to. During some of the preliminary runs with 
this coal, the boiler was brought off bank to a comparatively 
high load rather rapidly, so that about 50 per cent of the maxi- 
mum rating (75 per cent of the test rating) was obtained before 
the furnace walls reached their normal temperature. At this 
time, clouds of smoke came out of the top of the retorts, but did 
not ignite as they did later on when the walls were hot. These 


clouds did not flow rapidly; they appeared to ooze out, and to 


roll slowly downward along the top of the retort. The ends 
gradually approached the stream rising from the burning lane, 
into which they were sucked and dispersed. Thus, the flow above 
the retorts must have been very slow; it had a negligible upward 
component, but was mainly along the top of the retort, length- 
wise of the stoker. Evidently, the gas velocity distribution in 
the vertical direction shows marked discontinuities in the fur- 
nace just above the fuel bed; high values exist in the jets rising 
from the burning lanes, with relatively small upward velocities 
in the spaces between. A vector plot of gas velocities at the level 
of the top of the bed would look like a comb, with teeth pointing 
upward above each burning lane. The jets spread, as has been 
shown for other types of jet, with increasing distance from the 
level of the bed, and gradually entrain the gases from the space 
*bove the retorts. If cold secondary air is admitted to the fur- 
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nace at low velocity, it will fall down on the retorts because of its 
high density and blanket them, only slowly being drawn into the 
main stream of combustion gases where it is needed. Thus, the 
need for very high pressures in the secondary-air jets is demon- 
strated, for only if sufficient velocity is supplied will the jets carry 
through the furnace and produce adequate mixing of the high- 
velocity streams from the burning lanes and the relatively stag- 
nant gas above the retorts. 

In its passage through the fuel bed at the bottom of the burning 
lane, the air and combustion gas obey laws similar to those ob- 
served for flow of cold gas through beds of broken solids (15, 16). 
The pressure drop of the gas is proportional to the height of the 
bed traversed, i.e., the pressure gradient is practically constant 
over a considerable portion of the height of the bed. This is the 
normal behavior of a stream of fluid passing through a uniformly 
packed passage of constant cross section. Moreover, the pressure 
gradient is proportional to a power of the rate of gas flow slightly 
greater than 2. While the exponent observed in the Hell Gate 
tests 2.1 is somewhat greater than has been observed in closely 
controlled experiments at normal temperatures, this discrepancy 
may be accounted for by the relatively few data from which it 
was determined, by probable inaccuracies in the data inseparablec 
from plant-scale testing, by a possible temperature effect on tur- 
bulent flow through such beds not now recognized because of the 
lack of data for such high-temperature zones, or, by an effect due 
to the expansion and contraction of the gas caused by the violent 
changes in temperature during its passage through the burning 
zone. 

Since the gas flow appears to obey the laws previously found by 
investigations on cool fluids not undergoing reaction, it is prob- 
ably permissible to turn to these investigations for other informa- 
tion concerning flow phenomena in fuel beds. These experiments 
show that for small flow velocities, a bed of broken solids acts 
like a pipe, tube, or other resistance to flow. For very small 
flows, the streaming is viscous, and the resistance to flow in- 
creases as the first power of the miass velocity. Beyond a rather 
well-defined critical point, flow enters the turbulent regime, when 
the resistance increases with a power of the velocity (15) some- 
what less than 2. This continues up to the point when the 
pressure gradient through the bed approaches in value the bulk 
density of the bed reduced to the same element of volume. That 
is, for a bed of coke, whose bulk density may be 36 lb per cu ft, 


the limiting pressure gradient will be an = 0.0209 psi per in. of 


36 
bed depth, or expressed differently 62.6 X 12 = 7 in. of water 


column per ft of bed depth. 

When this critical flow is reached, the bed is, on the average, 
supported by a force equal to its own weight, so that it becomes 
loose, almost fluid, and the interlocking of neighboring pieces, 
which gave it its character as a pure resistance, is reduced (16). 
If the air-flow rate is increased slightly beyond this point, the 
bed maintains its general form, but becomes capable of great ex- 
tension in the direction of flow; any slight disturbance, however, 
or a slight further increase in flow is sufficient to disrupt it en- 
tirely so that the bed is completely blown away. The last phe- 
nomenon is, of course, known to every fuel engineer; it has not, 
however, been generally recognized that the point at which it 
occurs is so definitely fixed by the fundamental properties of the 
bed as an interlocking aggregate of particles. 

Carman (15) has shown that the resistance to flow through a 
bed of broken solids can be estimated if the void volume and the 
specific surface of the bed are known. These properties can be 
measured (17, 18) or estimated from the size analysis (19). 
Fig. 8 shows the resistance to air flow in the turbulent regime for 
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beds with two different values of void volume and specific sur- 
face. The asterisks indicate the points at which instability would 
be reached. That the air rate at which this occurs is greatly 
affected by the character of the coke of which the bed is made 
is not of merely academic interest. In the Hell Gate tests, the 
air rate corresponding to an average burning rate of about 35 
lb of coal per sq ft per hr was calculated to be about 1100 lb per 
sq ft per hr when referred to the air-admitting surface of the 
stoker. However, as shown in Fig. 4, the width of the burning 
lane was seldom as great as the width of the tuyéres, so that the 
air-flow velocity in the lanes might be anywhere from 1'/, to 3 
times as great as the air rate referred to the entire air-admission 
surface. Evidently, encroachment of the coke walls of the burn- 
ing lane on the space above the tuyéres is likely to lead to con- 
ditions of instability and should be prevented by provision of 
ample means for breaking them down. 

In the neighborhood of the critical flow, when the bed is in the 
condition designated as ‘‘just moving,” it has some remarkable 
properties, which are used, for example, in advanced German de- 
signs of gas producers (20). Particles of different densities are 
segregated in such a bed; if the particles are lighter than those of 
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(Line 1 refers to a bed of coke et the size distribution described by line 
2 of Fig. 10; line 2 to that described by line 3 of Fig. 10. Asterisks indi- 
cate upper limits of stability.) 


the bed, they float out on top, while if they are heavier, they sink 
to the bottom. Thus, if a fuel bed could be operated stably at 
this point, it would automatically allow the ash to fall through 
the bed into the coolest regions where there would be little or no 
danger of slagging. Moreover, such a bed, which is most stable 
when operated with an intermittent blast of air (21), as in coal- 
cleaning tables, has the property of healing itself, that is, if 
channeling begins at any point in the bed, instead of the air 
flow being disturbed in such a way as to make conditions worse, 
the bed is so fluid that it immediately flows over the incipient 
channel and stabilizes the flow resistance. This, obviously, would 
be a desirable characteristic to obtain in a fuel bed. It seems 
likely that apparatus designed to employ a bed in the “just 
moving” condition would surmount several of the disadvantages 
now faced by grate firing of solid fuels. 

If full use is made of air, flowing at velocities close to the 
critical by provision of a bed of adequate depth, the attainable 
burning rates would be much greater than are now possible. 
This is shown by the values of combustion rate equivalent to 
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TABLE 1 CALCULATED DEPENDENCE OF cones RATE 
ON DEPTH OF FUEL BED AND AIR FL 


——Combustion rates? 
Referred to air-admission 


——_ 


per sq ft per hr per sq ft per hr 
~. = top of bed, per 


Wietcwneedeiceus 15 30 0 15 30 
Approximate fuel bed 
1 4.4 15 
Air rates, lb per 
sq ft per hr 
150 13.0 18.0 23.9 6.2 8.6 11.4 
1000 86.6 120 159 41.1 57.1 75.6 
3000 260 360 479 124 171 224 


a ‘Rate of burning of combustible in coke, assumed to be carbon. 

> Assuming ratio of tuyére stack area to total area corresponds to tuyére 
width of 10 in., retort width 11 in. 

¢ Fora hg my high-temperature coke burned at an air rate of 150 lb per 
sq ft per hr, but not in proportion to the air rate. 


various air-flow rates calculated in Table 1. Those in columns 
2, 3, and 4 are the rates calculated for 0, 15, and 30 per cent car- 
bon monoxide in the issuing gas, referred to the air-admission 
or burning-lane area; while those in columns 5, 6, and 7 are re- 
ferred to the projected stoker area, on the assumption that the 
proportions of airadmission to projected area are approximately 
the same as in the Hell Gate stokers. It is evident that material 
increases in rating could be obtained if we could be assured that 
an unstable condition, due to encroachment of the coke walls on 
the burning lane, could be avoided. 


FLow or Coat AND ASH 


The flow of coal in the stoker takes place almost entirely in the 
retorts and in the walls of the burning lanes. There is practically 
no motion either lengthwise or crosswise of the stoker in the burn- 
ing lanes. This was shown by the fact that porcelain probes in- 
serted into the burning lanes could remain in position almost in- 
definitely without being subjected to severe transverse stresses. 
On the other hand, when such probes were inserted into the re- 
torts through holes in the secondary rams, they were broken off 
during the return stroke of the ram at every stroke. 

The retort performs a double function. In the first place, it has 
the obvious function of distributing coal to the entire length of the 
stoker. Coal which enters the retort near its top rises close to 
the front wall and is delivered to the burning lane at the head end 
of the stoker. Coal which enters at the bottom of the retort 
passes well down the stoker before being delivered to the burning 
lane and, in fact, in existing stokers may be forced straight out 
onto the overfeed section without ever having reached the burn- 
ing lanes over the tuyére rows. The distribution is effected by 
the longitudinal flow of the coal which takes place at relatively 
high velocity, speeds of the order of 2.5 fph. 

The second function of the retort is to coke the green coal and 
prepare it for smokeless burning above the tuyére stacks. This 
process takes place because the retort produces a transverse com- 
ponent of flow of coal which has risen above the level of the 
tuyéres, causing it to flow toward and through the coke walls 
which border the burning lane. In this passage the coal is car- 
bonized so that it is delivered to the burning lane ascoke. The 
magnitude of this transverse component of velocity was about 
0.75 fph in the stoker tested at Hell Gate, a value obtained from 
speeded-up motion pictures made as a part of the tests. The 
magnitude of this component may also be calculated from the 
load and the dimensions of the fuel bed, since it is obvious that 
coal can be burned on the tuyére stacks only as fast as it is de- 
livered to the stacks by the retorts as a result of this transverse 
flow. Hence, it follows that fuel must flow across the boundary 
of the burning lane at the same rate as it is burned on the stack. 
Knowing the rate of burning from the load and the dimensions of 
the tuyére stacks, it is evident that the average flow across the 
boundary between retort and burning lane must be equal to the 
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rate of burning per foot of length of tuyére stack, divided by the 
depth of the fuel bed over the burning lane, i.e., the height of 
that boundary. An average value of the last-mentioned quantity 
representing the entire fuel bed cannot be estimated accurately, 
but Table 2 shows that the calculated values are comparable with 
those estimated from the motion pictures. 

The transverse motion of the fuel from the retort toward the 
center line of the tuyére stack is terminated when the fuel mass 
breaks off from the wall of the burning lane. Such detached 
masses then fall vertically downward into the lane and help to 


TABLE 2 TRANSVERSE VELOCITIES OF FLOW OF FUEL 


Observed values, Calculated, 
Fire condition fph fph 


| 

Long pushe trokes at load of 125,000 |b 


0.58 


Average 
Probable error 


Short pusher strokes at load of 119,000 Ib 


form the continuous bed of discrete particles which exists at the 
bottom of the lane. On the burning lane itself the motion of the 
fuel is downward, just as in any, other overfeed bed and, just as 
in an overfeed bed, the size of the particles decreases as they fall 
lower in the bed. 

At this point a mysterious situation exists. Eventually prac- 
tically all of the fuel is burned out and at the bottom of the bed 
ash will be collected, perhaps in a dry, powdery form if the cool- 
ing effect of the air is great enough, or perhaps as small clinkers. 
Somehow or other a large portion of this ash gets down to the ash- 
pit, but so far the path by which it reaches that destination has 
not been discovered. During the Hell Gate tests, it was some- 
times found that a layer of ash existed along the tops of the 
tuyéres. When this occurred, opening the guide tubes preparatory 
to inserting a probe was followed by a shower of ash blown down 
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through the tubes, but in an equal number of cases no ash came 
down and the probes read high temperatures right at the level 
of the tuyéres. Is the agitation of the incoming air sufficient to 
cause the ash to flow along the slope of the tuyére stacks down 
to the ashpit? This seems hardly likely and yet the only other 
alternative, that all of the ash is blown up through the burning 
lane and then dropped out of the air stream when it slows down 
in the furnace, seems still more unlikely. Thus, there remains a 
hiatus in our knowledge of the flow of solid materials in the fuel 
bed. 

The flow of the fuel during its distribution, coking, and burning 
is represented in Fig. 9, which shows a perspective view of the 
stoker and approximate lines of travel of representative portions 
of the fuel. This representation is, of course, not exact or com- 
plete but represents a first estimate of how coal flows into the 
fire in a multiple-retort underfeed stoker. 

The multiple function of the retort may be responsible for 
some of the instability of stoker fuel beds. The rate of air flow _ 
through a bed at which instability sets in is greater the smaller the 
specific surface of the fuel, i.e., the more uniform in size are the 
particles which make up the bed, and the larger their size. Now, 
it has been found that, when coke is broken by impact, as in the 
shatter test, its size distribution may be plotted on probability 
coordinates, as in Fig. 10 (line 1). The slope and mean size of 
this distribution are characteristic of the coal and of the tem- 
perature of carbonization. This is the kind of size distribution 
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that is also found in coke discharged from by-product coke ovens, 
as shown by line 2 in Fig. 10. When, however, the same coal is 
coked at about the same temperature in continuous vertical re- 
torts, in which the coke is severely abraded during formation, the 
size distribution of the coke produced is that given as line 3. It 
is evident that a larger proportion of fine sizes is produced than 
corresponds to impact breakage. A fuel bed formed of the coke 
represented by line 3 has a much lower limit of instability than 
one formed of that represented by line 2 and would produce a 
much larger proportion of fly coke. This is shown in Fig. 8, 
where line 1 represents coke 2 and line 2 represents coke 3. 

It can be readily seen that the superposition of a large longi- 
tudinal component on the flow of coal in the retort may produce 
abrasive action resulting in a yield of coke whose size distribution 
is more like that represented by line 3 than that represented by 
line 2, thus limiting the rate of air flow through the bed and, 
hence, the rating attainable. Therefore, it may be desirable to 
separate the function of longitudinal distribution from that of 
carbonization and delivery of coke to the burning line, if by so 
doing, it is possible to produce coke having characteristics more 
like that of line 2. Separation of these functions would, in addi- 
tion, permit improved control of the fuel feed to different portions 
of the bed. 


or Heat 


The flow of heat in a stoker is very complex and has so far de- 
fied exact analysis. We may, however, by drawing on the results 
of several other simpler processes, gain some insight into what 
must take place in the stoker. The principal portion of the heat 
released in the burning lanes remains in the gaseous products of 
the combustion and flows with them out of the burning lanes into 
the furnace and so to the boiler. This portion obviously will be 
distributed at its release from the bed in the same way as the gas 
flow itself is distributed, and will be transferred from the gases to 
cold surfaces according to well-understood laws of radiation- and 
convection-heat transfer. Another but very much smaller por- 
tion of the heat released will be transferred by radiation from the 
top of the fuel bed directly to cold surfaces. This portion is 
probably smaller than is usually estimated, since only a very 
limited fraction of the top surface of the bed is at extremely high 
temperatures, e.g., those portions represented by the burning 
lanes. The other 60 to 85 per cent of the fuel bed, i.e., the area 
over the retorts and walls of the burning lane, is at a very much 
lower temperature, probably not above 2200 to 2300 F and so 
radiates at a very much lower rate. It is well known that this 
portion of the fuel bed looks black when observed through a fire 
glass. 

A third portion of the heat released is used to ignite the incom- 
ing fuel and thus recirculates within the fuel bed itself in the same 
way as the heat in preheated air recirculates in the steam-gener- 
ating unit. Most of this heat is conducted through the coke and 
semicoke walls of the burning lane transversely into the green 
coal in the retorts. Thus, its direction of travel is directly 
opposed to the direction of flow of the fuel. In any steadily burn- 
ing fire, this results in setting up a quasi-steady state, in which 
the temperatures at any point either do not change or fluctuate 
within limits about a constant mean value. Under these condi- 
tions just enough heat flows across the walls of the burning lane 
at any point to heat up the fuel flowing out from the retort 
toward the burning lane at that same point to a constant tem- 
perature, 

Taking the retort as a whole, it is evident that at any distance 
from the front wall the conditions of heat flow are similar to those 
in a by-product coke oven at some stage during the process of 
coking the charge. At the head end of the stoker, this stage is 
Similar to that immediately after the oven is charged. At the tail 


end of the stoker, the condition should be, if the stoker is being 
properly operated, similar to that just before the oven is pushed. 
That is, at the head end of the retort, almost all of the width of 
the retort is filled with green coal, with only a very thin skin of 
coke and semicoke set up at the walls of the burning lane. As 
we progress further from the front wall of the stoker, the coke 
wall increases in thickness, just as in the coke oven it does at 
later times during the coking period, until finally, at the tail 
end, the plastic layers produced in the coking process have met at 
the center of the retort, just as they do at the end of the coking 
period in a by-product coke oven. 

The high rates of ignition, by comparison with those found 
in pure underfeed burning, observed in multiple-retort stokers 
can be understood in the light of this picture. In the first place, 
the ignition surface is not a plane parallel to the plane of the 
stoker, but the sum of all the nearly vertical surfaces which 
separate the semicoke walls of the burning lanes from green 
coal. Thus, the ignition surface may be greater than was pre- 
viously thought. In the second place, there is no flow of air 
through the ignition zone, which was previously shown to return 
conducted heat to the high-temperature region in pure underfeed 
burning, so that all of the heat conducted into coke and green 
coal is available for coking and igniting it. 

The similarity between the stoker retort and the by-product 
coke oven provides a means for calculating the rate of coking in a 
retort and so of controlling it, for a great deal of research has 
been done on this problem in connection with by-product coke 
ovens and the results of such research are immediately applicable 
here. It has long been known that the carbonizing time in coke 
ovens, other factors being held constant, varies as a power of the 
oven width greater than 1. Since the volume of coke produced 
is directly proportional to the oven width, it follows that an in- 
crease in output can be obtained by the use of narrower ovens, a 
fact which is made use of in modern construction. If simple heat 
conduction were responsible for the coking process, the coking 
time would vary as the square of the oven width, but the correla- 
tion by H. H. Lowry, director of the Coal Research Laboratory, 
of data on carbonization in experimental retorts (22), indicates 
that the exponent 1.6 more nearly represents the dependence of 
coking time on oven width. The same exponent appears to apply, 
as well, to many different types of commercial ovens. 

Thus, we are justified in saying that the average rate of coking 
in an oven, hence in a retort, varies inversely as the 1.6 power of 
the retort width, so that the rate of coking per retort varies as the 
inverse 0.6 power of the width. It is evident that, in order to 
secure higher rates of coking with other conditions constant, it 
is necessary to decrease the width of the oven or retort. By the 
use of this principle, a formula can be derived expressing the 
correct proportioning of retort and tuyére widths for any desired 
rates of burning. 


A Heavy-Duty Sroxer 
On the basis of the descriptions of flow processes in the stoker 


*which have been presented, we may state the features that would 


be possessed by a stoker designed for much higher duty than any 
now in existence. In the first place, such a stoker must have 
narrower retorts than appear in existing stokers. This will make 
possible the preparation and coking of coal at a much higher 
rate than existing stokers can now perform. If the retort width 
were reduced to 25 per cent of that in conventional stokers, coal 
could be coked in each retort at nearly 2.3 times the rate it is now 
done. This would permit the maintenance of deeper fuel beds 
over tuyéres of the same width as now are used, thus raising the 
ratio of active surface to the total area of the stoker and per- 
mitting the average burning rate to approach more closely the 
burning rate referred to the air-admission surface. 
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It is probably essentiai that the functions of distribution, 
coking, and delivery, now combined in the retort flow, be sepa- 
rated so that the coke supplied to the tuyéres be as nearly uni- 
form in size as possible. As part of this separation of function, 
there must be provided sufficient agitation to eliminate the possi- 
bility that coke walls may expand and constrict the burning lane. 

Furthermore, such a stoker should be supplied with a pulsating 
air blast the maximum flow rate of which is sufficient to produce 
a condition close to that corresponding to instability of the bed. 
Under these conditions, the bed is fluid enough to flow over any 
incipient blowholes, and would allow ash liberated by combus- 
tion to sink through it to be discharged at the bottom of the bed 
in a cool zone. Control of a stoker operated on this principle 
would be secured by varying the portion of its cycle during which 
the flutter valve controlling the pulsation remained open, not on 
variation of the forced-draft pressure. 

Finally, since it is desirable, by the use of a deep fuel bed, to 
require the air injected beneath the stoker to take up as large a 
weight of the solid fuel in the form of combustion gases as it will 
carry and also, since operation at air-flow rates close to full teeter 
will cause a portion of the dust to be carried out of the bed, it will 
be necessary to supply a large proportion of the air for combustion 
as overfire air. Under these conditions we may expect that only 
from 40 to 75 per cent of the air for combustion will be supplied 
as primary air. The remainder will be injected over the fire under 
sufficiently high pressure to enforce good mixing with the stream 
of combustion gases rising from the fuel bed. This secondary air 
may be preheated to as high temperature as may be desirable, 
thus making possible the use of this very flexible method of heat 
recovery in stoker-fired installations. 
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pp. 563-568. 
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U.S. Bureau of Mines Monograph No. 5, 1934. 


Discussion 


H. F. Lawrence.* The writer would like to emphasize the 
fact, as stated in the paper, that “conditions along each such 
unit (retort and tuyére) do not change qualitatively from the 
head end of the stoker to the extension grate.” Many operators 
do not realize that the lower ends of the retorts should contain 
only green coal and that the coking and burning zone should be 
entirely above the top boundary line of the retort. When this 
is understood and the strokes so adjusted as to maintain this 
condition, better results are obtained both in combustion ef- 
ficiency and maintenance. 

The structure of the fuel bed, as shown in Fig. 4 of the paper, 
is, to the writer’s mind, greatly exaggerated. In this connec- 
tion, it might be interesting to consider the inventor’s conception 
of this structure. The patent application of Elwood E. Taylor, 
filed December 26, 1903, describes this structure as follows: 


“In the operation of the stoker, the fuel bodies in the several retorts 
constitute legs of a single fuel bed spreading over the mouths of the 
retorts, this fuel bed burning with the incandescent fuel on top and 
the coking fuel underneath and extending back into the retorts. 
The fuel bed receives its support from the walls of the retorts and, 
owing to the cohesion and arching property of the coking fuel as it 
swells during the coking process and is fed outwardly by the retort 
pushers, the fuel bed is kept substantially free from the twyer faces 
by arching over them. The feed of the ash is a gravity feed down the 
slope of the fuel bed, induced by the outward feed movement of the 
fuel across the plane of the retort mouths.” 


In order to check this, the writer’s company made several 
three-piece tuyéres which could be removed from underneath 


. without disturbing the fuel bed above them. These tuyéres 


were removed while the stoker was in normal operation. It was 
found that a perfect arch of coke existed over the tuyéres which 
maintained itself after the tuyéres were removed, very little 
material falling through. 

With reference to the use of secondary air, all of our experi- 
ence and experimental investigations indicate that the maxi- 
mum quantity of secondary air should not exceed 10 per cent of 

3 Research Engineer, Development Engineering Department. 
American Engineering Company, Philadelphia, Pa. Mem. A.S.M.E. 
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Fic. 11 ARRANGEMENT OF STOKER FOR OBSERVING VARIOUS Com- 
BINATIONS OF CoOAL-DISTRIBUTING ELEMENTS 


the total air and, in most instances, this limit is much lower. 

We have tried a number of times to produce large quantities 
of combustible gases to be burned later with secondary air and 
have had no success. It is impossible to make a gas producer 
from the multiple-retort underfeed stoker. 

We agree that secondary air to be most effective should be 
introduced through high-velocity jets. From the author’s 
analysis, it appears that the secondary air would also be more 
effective if introduced at right angles to the retorts. We will 
have an installation operating in the near future with secondary 
air introduced transversely of the retorts and also using high- 
velocity jets. 

For turbulence, we have also used the combustion gases taken 
from one of the rear passes of the boiler. These gases are intro- 
duced through high-velocity jets. Since the oxygen content of 
these gases is low, larger quantities can be used with no increase 
in the total weight of gas discharged. 

Secondary air is used primarily to control smoke emission 
from the stack. In addition to the elimination of smoke, there is 
also more complete combustion of solid carbon in the furnace. 
Slagging of tube surfaces is also decreased. 

We have been studying the flow of fuel through the retort. 
These studies have been made on actual stokers, with windows 
placed so that the movement of the coal in the retort could be 
observed. The object has been to find some method by which 
more coal could be fed through the retort without increasing the 
surface movement of the fuel; in other words, reduce the agita- 
tion of the burning fuel over the tuyéres. 

Various combinations of coal-distributing elements have been 
observed by arranging a stoker of the type illustrated in Fig. 11 
of this discussion, for inspection of the moving coal. The ve- 
locity and direction of flow in the various sections were marked on 
the glass windows and later charted to scale for further analysis. 

The construction eventually decided upon was installed in a 
stcker which was operating on low-volatile bituminous coal. 
The customer desired additional capacity from the unit and the 
change permitted him to operate reliably at a 27 per cent in- 
crease in output. Additional applications of the principle 
demonstrated have indicated improvements with many other 
types of coals. 


D. J. Mossuart.‘ In the main, the concepts and hypotheses 
constructed by the author parallel and confirm principles which 


‘ Assistant Chief Engineer, Stoker Department, Westinghouse 
Electric & Manufacturing Company, Philadelphia, Pa. 


for many years have been recognized and employed in the design 
and operation of stokers. These principles, evolved under 
operating conditions and based on uncounted observations 
made from above and below the fuel bed, have been proved in the 
trial, success, and adoption of designs and methods employing 
them. 

The writer feels that the author’s excellent analysis is worthy of 
objective study by all combustion engineers, and that it is ap- 
propriate to offer certain comment supplementary to it. 

As a preliminary remark, any hypothesis or analysis of a 
combustion process may be more thoroughly understood (or 
safely rejected) if it is constructed in two ways, (a) by consider- 
ing the coal as fuel and the air as supporting combustion thereof, 
(b) by considering the air as fuel and the coal as supporting com- 
bustion. The phenomena discussed in the early part of the 
paper offer an excellent illustration. Ignition will be lost if the 
flow of coal is too rapid through a stream of air constant in 
quantity. 

The illustrated typical structure of the fuel bed is funda- 
mental. It is obtained with all sorts of solid fuel; with coke 
breeze and with subbituminous coals, which do not coke or 
agglutinate. The formation of coke walls along each side of 
the burning lane is helpfully incidental; it provides stability and 
inhibits blowing away of the fuel. 

It is suggested that the finding of free oxygen just above the 
fuel in the retort was probably due to some specific circumstance 
associated with the particular setup used. Ordinarily there is a 
short, low-velocity but hot flame, or rather assortment of flames, 
flowing hither and yon over the coal in the retort. This flame 
is aspirated into the jet over the burning lane, the slowness of its 
aspiration being due to the fact that it lies between two aspir- 
ators of substantially equal power and wavers between them. 
The hypothesis of a stagnant layer of cool, unconsumed air is 
questioned. How can it long exist in the presence of hot coke 
and combustible gases? 

The practical application of the principles here discussed is 
quite simple. The fuel burns almost entirely in the burning lane. 
It burns partly as raw coal (finer particles sifting through the 
coke walls), partly as coke, and partly as gases and vapors, 
evolved in the formation of the coke walls and aspirated into the 
flame or jet of partly consumed air which issues from the lane. 
The average combustion result (CO, or excess air) obtained is a 
function of the depth of the lane and the size and disposition of 
the fuel particles therein. Under given conditions of fuel and 
load, this establishes the thickness of fuel bed required and this 
thickness is controlled to maintain the desired result, i.e., the 
feed of coal is controlled and the distribution of coal is adjusted to 
give a fairly uniform combustion condition over the entire stoker. 

At any given spot, the quality of combustion probably varies 
over a wide range of excess air with such great rapidity that the 
50- or 100-ce sample taken by the Orsat is‘a composite of several 
values. However, with an infinite number of spots, the inte- 
grated condition obtained some distance above the fuel bed is 
one of fairly uniform quality. 

This burning in lanes is by no means exclusively characteris- 
tic of the underfeed section of the stoker. Link-grate stokers, 
with link-grate overfeed sections of length equal to that of the 
retorts, burn coal in precisely the same way. The link grates 
have two components of motion, propelling and breaking, sepa- 
rately regulated. The laned fuel bed received by them from the 
underfeed section is carried along in this characteristic form until 
it nears the end of the grate, the burning lanes gradually widen- 
ing, and the fuel lanes finally disappearing. Quality of combus- 
tion is controlled by controlling the rapidity with which the 
laning is obliterated, i.e., by altering the relation between the 
propelling and the breaking components of motion. 


ge 
Pig 
4 
a 
: 
aa 
q < 
4 


488 

This naturally leads to consideration of the author’s statement 
of mystification over the manner in which ash gets to the ashpit. 
This question has so far been answered only by observation of 
the progress of the ash and concurrent rationalization. It is 
believed that the following conclusions are not only tenable but 
fairly close to the complete story: 

1 Since nearly all of the ash must remain as a residue in the 
coke which burns over the tuyéres, it is exposed to temperatures 
generally higher than the fusing temperature of any ash. Most 
of it fuses and melts. 

2 The fused ash is heavier than the burning coke with which 
it is associated, so it drips or drops down through the burning 
lane to be chilled to solid form and comes to rest on the tuyéres 
and among the coolest particles of coke above them. Thus, 
there is deposited on the tuyéres a layer of ash of a thickness 
which is minimum at the upper end of the stoker and maximum 
at the lower. 

3 The stream or column of coal in the retort with its confining 
walls of coke moves as already described. The ash is slowly but 
surely dragged along by the moving column. Sometimes it 
agglomerates to form a clinker on the tuyéres which stands still 
and grows until positively seized by adjacent columns and moved 
integrally with them. (Probably, the loose ash flowed around 
the author’s probes and the clinkers, if any, obligingly withheld 
movement while the probes were in place. High temperatures 
right at the tuyéres usually mean that a clinker has just passed by 
and swept the ash away.) 

4 Thus, the ash is moved by the passing coal and, thus, it 
must finally be ejected from the underfeed section of the stoker, 
i.e., by ejecting enough coal from the retorts to carry the ash 
away. Overfeed sections are provided for the express purpose of 
burning the coal used for this function. 

Herein is the principal reason for the application of the link- 
grate overfeed section. It provides for burning the coal ejected 
from the retorts in order to dispose of the ash. Additionally, it 
comprises a large portion of the total stoker area where the con- 
centration of ash is highest and, being a positive conveyer, elimi- 
nates in this area dependence upon movement of the coal to move 
the ash. 

In undertaking to burn any and all varieties of coal on stand- 
ardized apparatus there naturally occur instances where it is 
impractical or impossible adequately to control combustion solely 
by regulating distribution of the coal. Then it becomes neces- 
sary to use secondary air. 

The method of injecting the air involves more than velocity. 
Basically it involves the energy required to obtain penetration of 
the jet to the area needing the air, i.e., the area of the stoker above 
which the flame is dense and smoky. This energy is the product 
of mass and velocity and, if the mass usable is great enough, the 
velocity can be low. 

Again, method is important. Penetration rather than flame 
deflection is to be sought. Turbulence will more readily be 
obtained with a few large jets boring into the flame than with 
many small but powerful jets trying to push the entire mass of 
flame hither or yon. For instance, we find that jets of 20 to 40 
sq in. area spaced 3 to 5 ft apart and using air pressures of 8 in., 
and often less, give greatest penetration and produce greatest 
turbulence. 


J. E. Topsy. This paper represents the culmination of many 
years of special study, both theoretical and practical, of com- 
bustion on multiple-retort underfeed stokers. The writer has 
followed the author’s work with a great deal of interest and 
anticipation. In fact on two occasions, he visited Hell Gate Sta- 


5 Vice-President in charge of Engineering, Appalachian Coals, 
Inc., Cincinnati, Ohio. Mem. A.S.M.E. 
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tion, while the tests were being conducted, and crawled into the 
doghouse underneath the stoker with the author, from which 
location the probes were introduced into the fuel bed. The 
author has been an earnest seeker after truth and has worked 
tirelessly to secure the data presented in this paper. 

From personal observations, the writer agrees that there is 
need for a speed up in the coking process on underfeed stokers 
and that many present burning troubles would be eliminated if the 
fuel could pass more quickly and completely from the raw-coal 
state to coke. 

It is believed that the author’s idea of a pulsating air blast 
has merit from the standpoint of classifying ashy material and 
coke in the tuyére lane and increasing the mobility of the former. 
In addition, the writer has been of the opinion for a long time that 
a pulsating air blast might create a scavenging effect on burning 
coke, exposing fresh surfaces to oxygen attack, tending to remove 
insulating films of ash and inert gas. It is hoped that stoker engi- 
neers will collaborate with the author in developing a higher-duty 
stoker. 


R. 8. Juusrup.® In his description of the structure of the 
fuel bed, the author speaks of a “thin skin of coke” covering the 
top of the green coal in the retort. The writer’s observation of 
numerous stoker fuel beds, both with furnace glasses and the 
naked eye, has never revealed such a ‘“‘coke skin.”” On the con- 
trary his observations have indicated that, as the heated coal 
emerges from the retort, the pieces become soft, their edges round 
off, and they become plastic. The degree of plasticity attained 
varies with the fuel, some coals becoming so plastic as to appear a 
“frothy” mass floating over the retort, whereas, others soften but 
slightly and can be distinguished throughout their evolution 
from green coal to coke formation. It is this plasticity, which if 
extreme, produces or “islands,” sometimes extending 
into the burning lanes, which appear black when viewed with 
furnace glasses. Optical-pyrometer readings of these plastic 
masses reveal temperatures from 1600 to 2000 F, depending upon 
the fuel sizing, degree of plasticity of the fuel, combustion rate, 
and other factors. 

The presence of a stagnant layer of unconsumed combustible 
over the retort of both single- and multiple-retort stokers has 
been observed by the writer. This is particularly noticeable with 
single-retort stokers of the “on-off” type after lengthy off periods. 
A steam or heat demand starting up the feed and forced-draft fan 
creates dense clouds of slowly rising gases over the retort which 
ignite as they are drawn into the high-velocity air and gas 
streams issuing from the coke fissures in the burning zone. 

Not only is high-velocity primary air desirable for entraining 
and burning unconsumed combustible gases above the retort, 
but it also assists in the rapid formation of coke as the fuel passes 
from the retort to the burning lane, provided of course that such 
velocity does not “lift’’ or “blow” considerable fuel from the bed. 

Calculation of the transverse velocity of fuel over the grates of 
single-retort stokers at various combustion rates have shown 
speeds of from 0.3 to 1 fph, which would appear in’ line with 
those determined by the author at the Hell Gate tests at probably 
higher combustion rates. 

Again referring to “on-off”? type single-retort stokers, the 
writer has observed the tendency of the fuel bed to “heal’’ and 
correct unstable fuel-bed conditions such as “blowholes,” large 
coke masses, and “islands” of plastic fuel during off periods. 
This is probably due to the plastic nature of the fuel bed per- 
mitting it to flow into cavities and the additional creation of coke. 
fissures due to contraction of the coke caused by fuel-bed tem- 
perature changes. 

The author’s four suggestions for the design of a heavy-duty 


6 Address, Harmon-on-Hudson, N. Y. Assoc. Mem. A.S.M.E. 
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stoker have considerable merit. Retorts of narrower width 
should present no unusual difficulties. The delivery of uniform- 
size fuel to the tuyéres is more difficult due to the variable size 
reduction occurring in the retort because of attrition, impact, and 
other causes. It should be best accomplished by delivery of a 
uniformly sized fuel to the stoker hopper. As the author states, 
pulsating primary-air pressure has been applied to advanced 
German gas producers and should be applicable to stokers. 
Overfire air of relatively high velocity is being at present applied 
to underfeed, chain-grate, and spreader-type stokers with good 
results. 


AUTHOR’S CLOSURE 


The discussers have made material additions to our knowledge 
of the underfeed stoker. In particular, the author was greatly 
interested in Mr. Lawrence’s description of the fuel bed arched 
over the tuyéres and so keyed that little or none of the material 
fell down when the tuyéres were removed. The question arises 
whether this is advantageous or the reverse; such a fuel bed 
would appear to be so densely packed as to set up very high resist- 
ance to the primary-air stream. 

Mr. Mosshart’s analysis of ash flow along the tuyére stack was 
also very interesting. The mechanism he describes is similar to 
that believed to exist by the author before the tests at Hell Gate; 
the absence of confirmatory observations during those tests led 
him to question the mechanism. The ash certainly gets down to 
the pit; its path of flow may be that described by Mr. Mosshart; 
but that it is so, is not yet proved. 

The author is grateful to Mr. Mosshart for his confirmation of 
the “lane” mechanism of burning and for its extension to fuels and 


stokers other than those which were observed in the Hell Gate 
tests. Mr. Mosshart’s experience of fuels and of stokers is so 
wide that the generality of this conclusion can now hardly be 
questioned. 

His explanation of the function of the link grate suggests that 
it is used to palliate conditions arising from the need to adjust 
coal flow along the retorts to two different requirements: first, so 
that the coal is fully coked at the end of the retort; and second, 
so that the longitudinal movement is large enough to discharge 
the ash. It is evident that these requirements are not likely to 
be compatible so that it might be desirable to separate the ash- 
discharge function from the ccal-distribution function. This is 
done in the design of which the last section of the paper is a 
partial description. 

It is very helpful to have Mr. Julsrud’s confirmation of the ob- 
servation of slowly moving clouds of combustible gases rising 
from the retorts and being aspirated into the stream from the 
burning lanes when starting up from a banked condition. In 
connection with Mr. Mosshart’s discussion of the same subject, 
the author wishes to emphasize that he described a relatively, not 
an absolutely, stagnant gas layer over the retorts. The author 
believes his picture and that given by Mr. Mosshart are es- 
sentially the same and differ only in the description. 

Finally, the author wishes to thank Mr. Tobey for his encour- 
agement. The acceptance in principle of the suggested novelties 
in underfeed-stoker design by an engineer of such broad experi- 
ence as Mr. Tobey’s indicates that they may be profitable lines 
of attack to follow. It seems that the establishment of research 
programs, to supplement their development engineering, might 
be a profitable venture for stoker manufacturers. 
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Lubrication of General Electric 
Steam Turbines 


By C. DANTSIZEN,' SCHENECTADY, N. Y. 


This paper constitutes a discussion of the viscosity index, 
organic acids, and oxidation as related to oils used in lubri- 
cating steam turbines manufactured by the author’s com- 
pany. Advisedly, responsibility for the quality of a turbine 
oil is placed as it should be upon the supplier of the oil. 
Nothing in this paper should be construed as affecting that 
responsibility. The lubricating-oil experience of turbines 
operated at the Schenectady Works powerhouse is cited. 


physical characteristics, are functioning well in steam tur- 

bines, the General Electric Company does not issue narrow 
specifications for such oils, but does issue the relatively broad 
recommendations contained in Table 1. 


Bossa turbine oils, having an appreciable variety of 


TABLE1 RECOMMENDED LUBRICATING-OIL SPECIFICATIONS 
FOR TURBOGENERATOR SETS 


Land and Land gear 


marine sets and 
direct- oil-ring —— Marine turbines—~ 
connected lubrication, Auxiliary, 
turbine- turbine- geared Propulsion, 
generator generator generator geared 
Properties sets sets sets sets 
Saybolt viscosity, sec: 
at 210 F (approx) 43 49 49 55 
Flash point, F (min).... 350 


ane 330 350 360 
Neutralization number... 0.05Max 0.05Max 0.05 Max 0.05 Max 


EE Se 90 Max 90 Max 90 Max 120 Max 
Maximum viscosity be- 

fore starting, sec...... 800 800 800 800 
Minimum oil temperature 

before starting, F..... 50 70 70 85 
Operating _ bearing-inlet 

110-120 110-120 110-120 110-120 
Operating bearing-outlet 

140-160 140-160 140-160 140-160 


Minimum oil-tank temp, 
Pritcivackvetecueuce. 130 130 130 130 
Unfortunately, the recommendations in Table 1, purposely 

made so as to include the well-tested products of many oil com- 
panies, are so broad that they may include not only good but 
also poor oils. For this reason, it is suggested that the oil to be 
used should have a good service record in the field. It may be 
argued that, if this suggestion is followed too literally, it tends 
to discourage the development of new refining processes in the 
production of turbine oils. However, most oil companies have 
within their organizations turbines with which they can experi- 
ment on new oils before placing such oils on the market. 

The author’s company also states that the oil should be a 
petroleum derivative free from water, sediment, soap, and resins 
or any materials which in service will prove injurious to the oil 
or to the turbine with its accessory equipment. 

The variation in viscosity of mineral oil with temperature can 
best be plotted on a special A.S.T.M.? chart designed so that the 


1 Works Chemist, General Electric Company. 

?“Standard Viscosity-Temperature Charts for Liquid Petroleum 
Products,”’ A.S.T.M. Standards, 1939, part 3, pp. 221-224. 

Contributed by the Committee on Lubrication of the Machine 
Shop Practice Division and presented at the Annual Meeting, New 
York, N. Y., December 2-6, 1940, of Taz AMERICAN Society oF 
MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


viscosity-temperature curve will be nearly a straight line. An 
example of the use of this chart is shown in Fig. 1. The two 
oblique lines indicate the upper and lower viscosity limits for oit 
recommended for direct-connected steam-turbine sets. It is as- 
sumed that, in the lower viscosity range, by approximately 43 
see Saybolt is meant a spread of +1 deg. The slopes of such lines 
of different fractions of oils obtained from the same crude are 
approximately equal and the lines are therefore parallel, but the 
lines from the fractions of another crude although parallel to each 
other may have slopes different from those of the first-mentioned 
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series. Pennsylvania oils have a gentler slope than do coastal 
oils. 

In Fig. 2 is shown in solid parallel lines the viscosity-tempera- 
ture characteristics of a series of oils derived from a special 
coastal crude and, in dotted parallel lines, similar characteristics 
of a series of oils derived from a special Pennsylvania crude. 
Dean and Davis* in 1929, gave to all the oils in the first-named 
series a viscosity-index number of zero and gave all those in the 
second series a viscosity-index number of 100. Then, to obtain 
the viscosity-index number of any other oil, they compared that 
oil with a zero-viscosity-index oil and a 100-viscosity-index oil 
in the following formula, all three oils having exactly the same 
viscosity at 210 F 

L—U 


Vi. = 100 


Viscosity index of oil in question 

Viscosity at 100 F of oil in question 
= Viscosity at 100 F of zero-index oil 
= Viscosity at 100 F of 100-index oil 


Viscosity OF OILS FOR TURBINE UsE 


Since 1929, many oils, having a gentler viscosity-temperature 
slope than the Pennsylvania oils used in the formula, have been 
placed on the market. These new oils, therefore, have viscosity 
indexes of over 100. There are also oils on the market which have 
steeper viscosity-temperature lines than those of the series of 
coastal oils used in the formula. These oils have negative vis- 
cosity indexes. 

This brings up the controversial question as to whether a high- 
viscosity-index oil is better than a low-viscosity-index oil in a 
turbine. While the tendency among steam-turbine operators is 
to use oils with high viscosity indexes, we know of successful 
operations with low-viscosity-index oil. So far as it is possible to 
judge from data obtained up to the present time from the field, 
either type of oil may be used, provided it is refined in such a 
way that it is satisfactory in the other respects cited in the 
recommendations. 

The organic-acid content of an oil is expressed as the number of 
milligrams of caustic potash required to neutralize the acids in 1 g 
of oil. The value obtained is called the neutralization number of 
the oil; the higher the neutralization number, the greater of 
course is the acid content of the oil. 

Although the suggestion is made in the recommendations 
that a new oil may have a neutralization number as high as 0.05, 
many oils on the market have a neutralization number practically 
of zero. As an oil slowly oxidizes in use, organic acids are gradu- 
ally formed and the neutralization number rises. Under exactly 
the same operating conditions, the rate at which one oil will 
oxidize may be quite different from the rate at which another oil 
will oxidize. Oils derived from some crudes seem to have in them 
natural oxidation retarders which slow down the rate of oxidation 
over what it would be if the retarders were not present. Then, 
too, a few oils on the market have oxidation inhibitors purposely 
added to them which, under selected conditions, bring down the 
oxidation rate to an exceedingly low value for long periods of 
time. 

The effort displayed by many oil refiners in recent years to 
reduce their turbine-oil neutralization number down to zero is 
praiseworthy in so far as effort is concerned. However, there is 


8 “Viscosity Variation of Oils With Temperature,” by E. W. Dean 
and G. H. B. Davis, Chemical and Metallurgical Engineering, vol. 36, 
1929, pp. 618-619. 

4 ‘Neutralization Number of Petroleum Products and Lubricants,” 
A.S.T.M. Standards, 1939, part 3, pp. 617-619. 
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evidence that many of these oils, with a neutralization number of 
zero (no organic acid present), in combination with water, have 
given rise to excessive iron corrosion within oiling systems, such 
corrosion products being carried along and interfering with the 
operation of governors and other parts depending upon close 
tolerances. 

The corrosion product formed on iron parts in contact with a 
small amount of water disbursed through certain turbine oils is 
generally black and is magnetic. Examination of an X-ray dif- 
fraction pattern shows that ferro-ferric oxide, Fe;O,, is the prin- 
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cipal oxide present in the corrosion product. Although not a true 
rust, it is called rust by most turbine operators. 

This corrosion has been so considerable in some cases that oi! 
suppliers have been accused of furnishing oil which was prone to 
sludge, whereas, in such cases, it was probably too highly refined 
as far as retention of natural corrosion inhibitors was concerned. 
Of course, from an operator’s point of view, a quantity of iron 
corrosion mixed with oil is a sludge, even though an oil man 
might not consider it as such. Moreover, a large amount of iron 
oxide in oil certainly will act as a catalyzer when the oil does 
start to oxidize. Then, an actual oil sludge may develop rapidly. 

It has been noticed in recent years that new turbine installa- 


. tions with new turbine oil were the ones which sometimes cor- 


roded. Old ones with used oil never corroded. A turbine oi! 
tends to improve in service, as far as corrosion inhibition is con- 
cerned. 


DETERMINING THE RustTING TENDENCY OF OILS 


A simple laboratory apparatus has been devised by W. F. 
Kuebler for determining the rusting tendency of oils. This ap- 


5 Westinghouse Electric & Manufacturing Company, East Pitts- 
burgh, Pa. 
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paratus consists of a beaker in which water may be held in sus- 
pension in the oil by agitation with a paddle. In this same 
beaker, polished-steel specimens are placed and the test is carried 
on for several days at room temperature. Many new oils on the 
market, when tested in this apparatus, permit water-rusting of 
the steel specimen, and these same oils in service have also not 
prevented rusting in some turbine installations. The only modi- 
fication that we have made in this apparatus is indicated in Figs. 
3and 4. The change consists of surrounding the beaker with an 
oil bath running at 140 F, in order to simulate more nearly the 
temperature conditions of the oil in actual use. 

With this apparatus, several remarkable facts have been de- 
veloped concerning the oil which we use in the turbines in our 
Schenectady Works powerhouse. We found that the new unused 
oil will, when agitated with water, allow rust to form on iron, 
whereas, oil which has been in use in the same turbines for several 
years and which has a neutralization number of 0.7 will inhibit 
rusting. 

We also found that this used turbine oil is a very effective rust 
inhibitor when it is mixed with new oil in proportions even as low 
as 1 per cent of used oil to 99 per cent of new oil. 

With new oils which are not rust inhibited, we would suggest 
that, provided the oil supplier approves, a 10 per cent addition of 
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a well-used oil of the same brand be added to the new oil when 
first putting a new turbine into service. Another sound piece 
of advice, relating to starting up a new turbine, is to limit water 
entrained in the oil to a minimum. 

In Fig. 5 are shown two steel test pieces which failed to rust in 
100 per cent used turbine oil and two test pieces which rusted 
severely in new oil of the same brand when tested in the modified 
Kuebler apparatus. 


Tueory or Rust-INHIBITING QUALITY OF OIL 


In our laboratory, we have found that the rust-inhibiting 
quality of turbine oil, developed in service, is in some way 
connected with the formation of hydrophilic groups by oxidation 
of the oil. Following Dr. Langmuir’s procedure with oil films on 
distilled water, we found that new turbine oils which permitted 
iron corrosion in our laboratory tests did not spread when 
dropped on water, whereas, a drop of the same type of oil used 
for several years in our factory turbines spread over the surface 
of water like a flash, Fig. 6. 

All the new oils on test, not giving rise to rust, spread on water 
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to a greater or lesser degree. It requires 5 min for the drops of 
some of these to double in diameter, while others spread almost as 
rapidly as used oils. 

Since, theoretically, organic acids of all manner of molecular 
weights are produced when mineral oils are oxidized, we carried 
out the experiment of adding 0.25 per cent of various aliphatic 
acids to a neutral white oil, not with the idea that these particu- 
lar acids are formed by oxidation in the oil, but solely to provide 
a clew as to what molecular-weight organic acids were giving rust. 
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inhibition, and what molecular-weight acids might give rise to 
rusting. It was found, as might be expected, that the acids of 
lower molecular weight, such as formic, acetic, and even propionic, 
were rust producers. In fact, more rust was produced by such 
acids than by a neutral untreated white oil. Ascending the scale 
of acids, complete protection was found through the use of 0.25 
per cent caproic acid, having a molecular weight of 116. All acids 
of higher molecular weight also give protection. Later experi- 
ments indicated that 0.1 per cent of caproic acid was equally 
effective. 

Fig. 7 shows a series of ten steel-corrosion specimens, indicating 
the relative rusting and rust-inhibiting qualities of 0.25 per cent 
of various organic acids in white medicinal oil. All tests were 
carried out at 140 F, the oils with 1 per cent water mixture having 
been stirred for a total of 16 hr, and left in a quiescent state for a 
total of 13 hr. The results are given in Table 2. 

TABLE2 RESULTS OF CORROSION ior ON STEEL 
SPECIMENS SHOWN IN FIG. 7 


Carbon 
atoms in 


Molecular 
weight of 
acid 


Percentage 
of surface 


Acetic acid 
Propionic acid 
Butyric acid 
Valeric acid 


lic 
acid 


Fig. 8, which gives the structure of one of the forms of caproic 
acid, illustrates how caproic acid or any organic acid of higher 
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molecular weight tends to inhibit iron corrosion in contact with 
water suspended in oil. 

The water-soluble or hydrophilic part of the molecule of organic 
acids is called the carboxyl group. This is the same group which 
attaches itself to iron surfaces. After a layer of such molecules 
has become attached to the iron, the oil-soluble or hydrophobic 
parts of the molecules are presented to the oil and prevent water 
globules, suspended in motion in that oil, from coming in contact 
with the iron, thereby, inhibiting rusting of the iron. 


Oruer Sources or Rust INHIBITION 


Organic acids are not the only oxidation products of oil which 
inhibit rusting of turbine oils since, while the organic acids are 
being formed, there are probably compounds with hydroxyl 
groups and ketone groups which are likewise hydrophilic and 
capable of wetting the iron. It is therefore possible to treat a new 
oil with the nonacid oxidation products of mineral oil and, there- 
by, effect iron-corrosion inhibition without raising the neutraliza- 
tion number. 

Because the traces of organic acids and associated oxidation 
products in turbine oils tend to inhibit rusting under turbine- 
operating conditions, it must not be assumed that a used turbine 
oil, for example, can be used as a rust-inhibiting coating for iron or 
steel under all conditions. Such an oil-treated specimen if placed 
out in the rain or in salt water would certainly rust. 


AUGUST, 1941 


Condenser water inlet 


Condenser water outlet 
\ 


Air outlet 


Temp. contr 
210°F 


To power 
source 


3 


Stirring 
device 


\ 


Heating 
cols 


Sp 


~ 


Bie 
4 
ZZ 


\\ 


\ 
Air inlet \\ 
0000000000009000000 000 


Oi! Oxidation Testing Apparatus 
Fig. 9 APPARATUS 


APPARATUS DEVELOPED TO DETERMINE RELATIVE OXIDA- 
TION Rates oF Various OIL8 


ae 
if N iw | 
| 4 
= 
4 
: 


DANTSIZEN—LUBRICATION OF GENERAL ELECTRIC STEAM TURBINES 495 


A possible explanation for this may be that, although the 
protective molecules on the iron are packed closely enough to 
keep water in fine globules in suspension in oil away from the iron, 
large and heavy globules not in rapid motion will tend to break 
through the film. 

Another point to be seriously considered is that too high a con- 
tent of free organic acids in a turbine oil is detrimental, in that it 
may give rise to or be associated with: 


The formation of metallic soaps. 
Formation of permanent water emulsions. 
Sludging of the oil. 

Destruction of oxidation inhibitors. 


The maximum permissible amount of free organic acid in an oil 
depends upon the type of oil used. 

With oils having antioxidants present, the amount of acid 
permissible should probably not exceed that which corresponds 
to a neutralization number of 0.15. With no antioxidants pres- 
ent and depending upon the oil used, an amount equivalent to a 
neutralization number of 2.5 might be permitted. 

The carboxyl groups which, in an organic acid are responsible 
for inhibition of rusting, are also responsible for attack on metals 
and oxides of metals forming soaps which are almost insoluble in 
both oil and water. Most of these metallic soaps act as active 
catalyzers for the further oxidation of the oil. 

A high percentage of organic acids and associated oxidation 
products give rise to permanent emulsions of water in oil be- 
cause there is a sufficient number of the hydrophilic groups 
present to take care of the large contact area between the 
water globules, which constitute the discontinuous phase of 
such an emulsion, and the oil which constitutes the continuous 
phase. 

High acid values in oils are associated with sludging of such 
oils. Such sludges are insoluble oxidation products of the oil. 


FARMER TEST FOR OXIDATION CHARACTERISTICS OF OIL 


One of the best tests for the oxidation characteristics of an oil 
has been developed by Harold Farmer* of the Philadelphia 
Electric Company. He has pointed out that iron, brass, and 
copper, particularly the last, are active catalyzers in speeding the 
oxidation of turbine oil. 

Because the American Society for Testing Materials has no 
test method for finding the relative oxidation rates of various 
turbine oils, in the Schenectady Works laboratory, we are using 
a modification of the Farmer test; 400 ml of oil are placed in a 
pyrex tube with three !/s-in-diam rods, 10 in. long, of three differ- 
ent metals, i.e., iron, brass, and copper. In the same tube at the 
start of the test is placed 12 ce of water. Examination of the 
tubes is made daily to assure that approximately that amount of 
water is present. The oil and water are maintained at 210 F 
and, through the oil and water, air is bubbled at the rate of 10 1 
per hr. Samples of oil are tested once a week for neutralization 
number, viscosity, and precipitation number. The viscosity 
sample is returned to the tube and oil lost in the determination 
of the neutralization number is replaced by the addition of new 
oil to that under test in the tube. The apparatus is shown in 
Figs. 9 and 10. 

While we find that wide variations exist in the oxidation rate 
of different oils, at present there is no inclination to condemn 
some oils which do not prove to be among those giving the best 


* “Copper Catalysis Accelerates Turbine Oil Oxidation,” by Harold 


rho Electrical World, vol. 111, May 20, 1939, pp. 1452+1453 and 


T. H. Rogers and B. H. Shoemaker, Industrial and Engineering 
Chemistry, Analytical edition, 1934, vol. 6, p. 419. 


results in this apparatus. The oil, for example, which we are 
using successfully in the Schenectady Works turbines cannot be 
graded as excellent from the oxidation standpoint. On the other 
hand, we appreciate that the oxidation-inhibited turbine oils now 
on the market are a valuable contribution to the turbine industry. 


Discussion 


M. D. Baker.’ The difficulty in writing specifications for the 
purchase of turbine oils can be fully appreciated. As the author 
points out, specifications of a very general nature can be made, 
and generally these do not give information that will predict the 
service life of the oil to be purchased. 

During one of our investigations, twelve light turbine oils of 
different brands were studied in the laboratory. All twelve oils 
were found to be within the limits of the specifications which in- 
cluded tests for gravity, flash, fire, viscosity, and steam emul- 
sion. No life tests were made. Six of these oils were picked 
for an accelerated life test in a small unit. These accelerated 
tests gave service records varying from 50 hr on the poorest 
oil to 1800 hr on the best oil. The life of the oil was determined 
by the length of time required to reach a neutral number of 
0.8. 

Refining methods have been changed to improve the quality 
of the oils delivered. In conjunction with this improvement, 
antioxidants have been added to the oils to retard the rate of 
oxidation and prolong their service life. An example of this in- 
creased life can be illustrated by the service record of one oil. 
Without the antioxidant after 13,000 service hr, the neutral 
number was 0.85. This same oil with the antioxidant added now 
has 37,000 service hr and a neutral number of 0.08. The addi- 
tion of the antioxidant has decreased the rate of sludge precipi- 
tation in the oil coolers, so that now 15,000 hr elapse between 
cleanings where previously 5000 hr was considered a long period 
of time. This lengthening of time between cleanings has given 
longer periods of metal passivity in the coolers and has reduced 
the rate of metal poisoning. 

The detrimental side to the addition of antioxidants must also 
be considered. The author mentions that in the older types of 
oils the neutral number of 2.5 could be carried with safety, but 
that in the newer types of oils one company has set a limit of 
0.15 as the maximum neutral number that can be carried with 
safety. The older type of oils increased in neutral number at a 
more or less accelerated but definite rate with no sudden or rapid 
increases. Knowing the condition of the oil, its life could be pre- 
dicted with some degree of accuracy when the rate of rise of the 
neutral number was plotted against the service hours. 

The accelerated-service test on one oil containing an anti- 
oxidant gave the following results: At 1250 service hr, the neu- 
tral number was 0.08; at 1394 service hr, the neutral number was 
17.4. This rise in neutral number when it occurred was very 
sudden and very rapid. So, unless some test other than neutral 
number is devised and used, the life of an oil containing an anti- 
oxidant cannot be accurately predicted. 

The neutral number of 0.8 was set for the top limit of the oils at 
Springdale Station, as experience has shown that, when an oil 
reached this value and under normal operation with no water 
present in the oil, any water contamination would create a heavy 
sludge. Units having constant moisture infiltration into the oil 
system have been operated safely with neutral numbers as high 
as 4.0 but this is too high for a unit that does not have regular 
or frequent infiltration of water. 

Corrosion in turbine systems has been experienced for years, 


7 Springdale Power Station, West Penn Power Company, Pitts- 
burgh, Pa. 
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but it has only been during recent years that it has been an item 
of great importance. As the newer oils are more resistant to oxi- 
dation, compounds that protect the metal from corroding are 
slower in forming; and corrosion will occur, where previously it 
was not experienced. Also, the newer oils will dissolve films 
that have been coated upon metal surfaces and thus allow the 
water to contact the bare metal and cause corrosion. Previously, 
the corrosion products formed were principally ferric oxide 
(Fe,0;), which, when carried in the oil stream, did not cause 
severe abrasion. The product formed with the newer oils is mag- 
netic iron oxide (FesO,), which when formed in the presence of 
oil appears to be small, dense, hard crystals, and very abrasive. 

When corrosion occurred in the high-pressure unit at Spring- 
dale, it was impractical at that time to remove the unit from 
service for a prolonged period and means for preventing the 
corrosion had to he devised. Laboratory tests showed that the 
addition of used »© which had become partially oxidized would 
prevent corrosion. This remedy was applied to the oil in the 
unit, and corrosion was completely stopped. Before adding the 
used oil, moisture to the extent of 0.1 per cent would cause cor- 
rosion; after the addition of the used oil, the unit was operated 
for 3 weeks with 3 per cent of water in the oil, and no cor- 
rosion occurred. Since these results have been obtained at 
Springdale, it has become a general and successful practice to 
stop corrosion in turbine oil systems by the addition of used oil 
to the new oil. 

We differ from the author in our theory as to why the addition 
of the old oil prevents corrosion. Laboratory experimental 
work and service records indicate that, when water is added to a 
used oil, it makes a coating of a very minute film on the metal 
surface. The first water added causes the formation of this film, 
but in so doing it also removes the film-forming properties from 
the oil. So until the oil is further oxidized any other additions 
of water can cause corrosion of new metal that was not in the 
system when the protective film was formed. Several experi- 
ences with corrosion on changed metal parts has lead us to be- 
lieve that the inhibition was imparted to the metal and was not 
permanently given to the oil, by having imparted to the oil an 
increased wetting action. 

The addition of the old oil to the new oil in a turbine system is 
ideal for corrosion prevention but is not to be desired when con- 
sidering the service life of the new oil. The used oil apparently 
serves as a Catalyst to start oxidation in the new oil and reduce 
its service life. Laboratory tests have shown that the life may 
be reduced to as much as 20 to 30 per cent of the life expected 
if the used oil had not been added. 

Turbine-lubrication problems and their solutions can be ar- 
rived at only by the cooperation of the turbine designers, the 
oil refiners, and the users of the oil. Committees composed of 
these three groups have been formed, and the results of their 
cooperative studies will be very valuable. 


D. L, Barsour.’ Operators of geared turbines would be inter- 
ested in the author’s comments concerning the desirability of 
using for this service, as contrasted with direct-connected units, 
an oil having a low viscosity index, i.e., a relatively steep tem- 
perature-viscosity curve. 

For a geared unit, it is general practice to employ a common 
oiling system to serve the bearings of the turbine, reduction 
gear, and generator or other driven machine and also the oil 
sprays for gear-tooth lubrication. The operating conditions 
of the bearings, particularly those of the turbine and high-speed 
pinion, are the same as on a direct-connected unit. The viscosity 
range for an oil most suitable for the bearings is as recommended 


* Chief Turbine Engineer, Elliott Company, Jeannette, Pa. Mem. 
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in the first column in Table 1 of the paper. On the other hand, 
an oil of much higher viscosity is preferred for gear-tooth lubri- 
cation. This necessarily results in a compromise viscosity, inter- 
mediate between the two, as recommended in the second and 
third columns of Table 1. 

There is also a considerable difference in oil-temperature rise 


in the bearings and in the gear teeth. While the bearing-outlet 
oil temperature is generally between 140 and 160 F with 120 F 
inlet, the oil leaving the gear teeth may be at only approximately 
125 F. 

Assuming (1) an oil with a viscosity index of 100 and 49 sec 
8.U.V. at 210 F and (2) an oil with zero viscosity index and the 
same 8.U.V. at 210 F, the temperature-viscosity curves are as 


shown by the solid lines in Fig. 11 of this discussion. For the 
100 V.I. oil, the viscosities at a bearing-outlet temperature of 
150 F and the gear-tooth oil temperature of 125 F are, respec- 
tively, 86 and 132 8.U.V. The corresponding viscosities at the 
same operating temperatures for the zero V.I. oil are respectively 
100 and 180 S.U.V. Or similarly, as shown by the broken line, 
a zero V.I. oil with the same viscosity as the 100 V.I. oil, at the 
bearing operating temperature of 150 F, would have 146 8.U.V. 
at the gear-tooth oil temperature of 125 F, compared with 132 
S.U.V. for the 100 V.I. oil at this temperature. 

By taking advantage of the steeper viscosity-temperature curve 
of the zero or low-index oil, a somewhat better compromise can 
be realized for the desired different viscosities for the bearings 
and gear teeth at their respective operating temperatures. It 
is questionable, however, whether this advantage is of sufficient 
importance to justify the recommendation of low-index oil for 
geared units. ; 

By way of corroborative operating experience in connection 
with the corrosion-inhibitive value of used turbine oil, as com- 
pared with 100 per cent new oil of the same grade, the writer's 
company has had several cases of corrosion of steel parts during 
the first few weeks of operation of new units with all fresh high- 
grade oil. In each instance there were traces of water in sus- 
pension in the oil, probably from gland leakage, although the 
leakage and the clearance in the oil baffles were not excessive. 
It has been found in most cases that, with no change in operating 
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conditions, the tendency toward corrosion of steel parts exposed 
to the oil gradually disappears, probably as a result of the oil 
developing corrosion resistance from a gradual increase in 
organic-acid content of high molecular weight as described by 
the author. 


RonaLp Butkiey.’ The author displays a commendable 
understanding of the difficulty of fashioning an oil in such a 
manner that it shall possess the conflicting properties of sepa- 
rating out quickly from water on the one hand, and of preventing 
corrosion by attaching itself firmly to metal, on the other. In 
addition to performing this chemical legerdemain, a good tur- 
bine oil is expected, as a matter of course, to be neutral as regards 
acidity and practically everlasting as regards oxidation stability. 

The statement regarding the amount of free organic acid per- 
missible in a turbine oil before withdrawal is open to some ques- 
tion. Most antioxidants are of the type which are effective only 
in oils which have been overrefined either by acid or by solvents. 
It is universally recognized that such oils are basically unstable, 
and the rate of oxidation is alarmingly rapid when the induction 
period is ended. It is logical, therefore, to require the immediate 
withdrawal of the oil as soon as the exhaustion of the antioxidant 
is made apparent by the upward movement of the acidity value. 
The maximum limit suggested by the author for this type of 
oil is 0.15, a very low figure. 

Oils which contain no added antioxidant are, as a rule, much 
more stable products than the base oils selected for the addition 
of antioxidants. The rate of deterioration of such oils is slow and 
they may safely be allowed to develop a much higher neutraliza- 
tion number before withdrawal. The limit set in this paper is 
2.5. 

It has been found possible in some instances, however, to com- 
bine an effective inhibitor with the type of oil which possesses a 
high degree of stability of its own. In these cases the rate of de- 
terioration after the inhibitor is exhausted should, theoretically, 
not be any higher than the rate for the base oil without the in- 
hibitor. As a matter of fact, in the several field installations 
with which we have had experience the rate of oxidation, after 
the so-called “break,” has been lower than for the base oil alone 
in the same turbine. This is perhaps explainable on the sup- 
position that the first reaction product which the inhibitor forms 
is itself a compound capable of retarding the rate of oxidation 
somewhat, although not able to suppress it entirely as a true in- 
hibitor does. However this may be, the net result is that, for 
such combinations of oil and antioxidant, the neutralization 
number may safely be allowed to rise to values at least as high 
as would be permitted for the base oil without the antioxidant. 


B. F. Hunter.'® The results given in this paper confirm 
investigations of the corrosion problem in new turbine units, 
carried out over a period of several years in the research labora- 
tories of the writer’s company. Turbine oils, refined to minimize 
oxidation in service and to separate readily from entrained water 
when new, show little if any tendency to retard corrosion with 
small percentages of entrained water. In service, partially oxi- 
dized oil and perhaps formations of small percentages of metallic 
soaps appear to adhere to the surfaces of exposed metal, pro- 
viding a thin protective film impervious to moisture. Our in- 
vestigations have indicated definitely that as little as 0.02 per 
cent of high-molecular-weight fatty acids added to highly re- 
fined turbine oils would prevent entrained moisture from cor- 
roding metal surfaces during the initial breaking-in period of a 
turbine unit. 


* Research and Development Division, Socony-Vacuum Oil Com- 
pany, Inc., Paulsboro, N. J. 
‘Gulf Oil Corporation, Pittsburgh, Pa. 


Actual field experience for the last several years has proved 
this theory to be correct. Such oils are generally available and 
are recommended for the initial fill for new units. Conventional 
or regular turbine oils are recommended as subsequent make-up 
oil. No corrosion difficulties have come to our attention with any 
turbine oil which has been in service for a period of at least 6 
weeks, indicating that special inhibited or compounded turbine 
oils are not required for turbines other than new units during the 
breaking-in period for the first few weeks of service. 

Our investigations have likewise indicated that from 10 
to 15 per cent of old or used turbine oil added to new turbine 
oil is equally satisfactory as a corrosion preventive for new 
units. 

The advice given by the author should aid in safeguarding new 
turbines in their early stages of service. Emphasis should be 
placed on the use of special compounded oils or a mixture of old 
and new oils for new units during the breaking-in period, since 
corrosion is unknown in turbine units after a few weeks or months 
of operation. 


F. C. Linn." The author has given a clear presentation of 
some of the problems involved in the lubrication of steam-turbine 
sets. There has been considerable activity during the last year 
by various oil companies, turbine manufacturers, and central- 
station chemists in the development of an apparatus whereby 
it will be possible to predict in a relatively short period of time 
whether an oil with water present will permit rusting to take 
place. The apparatus as described in this paper, which is a 
modification of a design developed by W. F. Kuebler, appears to 
meet with the approval of most of the investigators. 

The problem of rusting of metallic parts in the oiling system 
is a serious one since it is found that, in many units, rusting takes 
place during the first few days or months of operation and in some 
cases after years of operation. For proper lubrication, few oil 
companies are in a position to supply an inhibited oil which will 
pass the oil-corrosion test as outlined by the author. 

This problem is also prevalent in apparatus other than steam 
turbines. Rusting occurs in the case of journals, oil rings, etc., 
in motor bearings in localities where, because of climatic condi- 
tions, a certain amount of condensation takes place in the bear- 
ing housings. 

It is true that rusting can take place only when moisture is 
present in the oil. It is also true today that in most installations 
there is less water finding its way into the oiling systems than 
was the case in former years. Yet the rusting problem is more 
serious today than it was in the past. 

The author suggests used oil mixed with new oil as a lubricant 
for a new installation in order to inhibit rust. However, this is 
a practice which will decrease the life of the oil. Since there are 
oils on the market which have excellent oxidation, as well as 
rust-inhibiting characteristics, it would be advisable to purchase 
such oils for use in new turbine sets. 

It is realized that proper maintenance of the oiling system 
is essential to extend the life of the oil. Every precaution should 
be taken to keep the oiling system free from dirt, water, and all 
foreign matter, even though oils are used which contain anti- 
oxidants and rust inhibitors. This will insure continuous and 
satisfactory service from the oil. Operators should follow in- 
structions in the care of the oil provided by the oil company’s 
representative. If this is done, there is reasonable certainty 
that troubles due to rusting, sludging, etc., which now cause 
considerable inconvenience and service cost, will be reduced to a 
minimum. 


11 Turbine Engineering Department, General Electric Company, 
West Lynn, Mass. Mem. A.S.M.E. 
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AUTHOR’s CLOSURE 


The author has never been fortunate enough to observe the 
phenomenon which Mr. Baker mentions, namely, that when 
water is added to a used oil, it makes a coating of a very minute 
film on the metal surface. He has, however, watched carefully 
the behavior toward steel test samples of globules of water in 
suspension in two types of oils: (a) those containing no rust in- 
hibitors, and (6) those containing rust inhibitors. 

In oils having no rust inhibitors present, a suspended water 
globule coming in contact with a vertical steel surface sticks im- 
mediately to that surface. Agitation of the oil or the steel 
specimen will not dislodge the adhering drop of water. This drop 
generally does not spread much more than its own diameter over 
the surface of the steel. 

In oils having rust inhibitors present, particularly rust in- 
hibitors containing hydrophilic groups, globules of water in sus- 
pension coming near the vertical surfaces of steel test specimens 
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seem to bounce away from such specimens. It seems very prob- 
able that the hydrophilic polar groups not only form a protective 
film on the surface of the steel specimens, but also put a “plating” 
of oil over the entire surface of each globule of water, making 
each globule substantially a globule of oil as far as its effect on 
the steel specimen is concerned. 

With regard to Mr. Barbour’s request for comments concern- 
ing the desirability of using oils having a low viscosity index for 
geared turbine, the author would rather not give an opinion. 

The combination of an effective oxidation inhibitor with a type 
of oil which has a high stability of its own, should find favor with 
many turbine operators. Such a combination would not only 
require less accurate control through determinations of neutral- 
ization numbers, but also might take care of cases where the 
oxidation inhibitor might be accidentally destroyed because of 
factors other than oxidation, such as, for example, an acid-con- 
taining atmosphere in a powerhouse. 
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Stress and Deflection in Reciprocating Parts 


of Internal-Combustion Engines 


By R. L. BOYER! ano T. O. KUIVINEN,? MOUNT VERNON, OHIO 


A consideration of stresses and deflections in reciprocat- 
ing parts of internal-combustion engines is presented in 
this paper, from the viewpoint of the heavy-duty-engine 
builder. The authors give suggested rules for design of 
pistons, piston pins, connecting rods and piston rods, bolts 
and connecting-rod caps. All recommendations given 
are based on what has proved to be successful practice in 
this classification of machinery. 


HE FOLLOWING discussion has to do with methods for 

attacking problems of stresses and deflections in reciprocat- 

ing parts of internal-combustion engines. The viewpoint 
is largely that of the builder of heavy-duty machinery designed 
for continuous operation. It should be pointed out that the 
figures given do not necessarily apply to high-speed automotive- 
type engines. It will be noted that in many cases practical 
rather than theoretical considerations determine the design of a 
part. Whether this is true or whether the part is such that 
it can be logically and mathematically analyzed, successful 
and unsuccessful experience determine the factors to be em- 
ployed. This paper deals not only with stress but also with 
deflection. 

However, it will be noted that in all cases values are given for 
stress and not for deflection, because it is impractical to give de- 
flection limits in many cases. Furthermore, the proper stress 
allowance is made responsible for keeping the deflection within 
allowable values. The theoretical desired deflection in most 
cases would be zero, which is, of course, impossible and, therefore, 
finite amounts of deflection must always be permitted. 

With the increase of speeds, which is always a consideration 
of the engine builder, the weight of reciprocating parts becomes 
of greater relative importance. In order to secure the minimum 
weight and yet retain the maximum rigidity and allowable 
stress, careful design is necessary and most rule-of-thumb meth- 
ods have had to be discarded. 

Reciprocating engines fall generally into classes, i.e., trunk- 
piston and crosshead types. Greater emphasis is placed on the 
trunk-piston engine in this paper, although crosshead types are 
also considered. 

Pistons 


Cast iron has been and still is, of course, the predominating 
material for pistons of internal-combustion engines. How- 
ever, aluminum alloys have been used to a considerable extent 
and, particularly, as speeds are increased, they are finding wider 
application. Weight saving is the most important factor in de- 
termining whether lightweight alloys need be used, although heat 
conductivity must also sometimes be taken into account. The 
determination of the point in speed at which lightweight alloys 
should be used is governed mostly by stress in the connecting- 


' Chief Engineer, The Cooper-Bessemer Corporation. 
* Assistant to Chief Engineer, The Cooper-Bessemer Corporation. 
Presented at the 1940 Conference of the Oil and Gas Power Di- 
vision, Asbury Park, N. J., June 19-22, of THe AMERICAN Society OF 
MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


rod bolt and by over-all balance. In the case of most multi- 
cylinder engines, the over-all inertia forces and couples are 
balanced out to zero but, in the heavy-engine industry, there 
are many forms of machines built which are not in themselves 
inherently balanced, and lightweight alloys are of importance in 
reducing these forces considerably. 

It is not the purpose of this paper to enter into details of piston 
design, as that in itself could quite readily become the subject 
of a separate discussion. However, since the piston is an impor- 
tant element in the reciprocating masses, the general design will 
be touched upon. Various combustion systems and general engine 
designs call for various shapes in the piston head and these shapes, 
of course, vitally affect the stress and deflection in the top of the 
piston. No attempt is here being made to take into account 
the variations in stress and deflection due to these shapes. The 
head of a piston should logically be considered as a uniformly 
loaded plate with fixed edges. If it were freely supported, the 
maximum stress would always be at the center; but considering 
the plate fixed at the edges, most authorities agree that the 
maximum stress occurs at the edges. Taking all of the theories 
into consideration, it has been generally accepted in recent years 
that the ideal design for the head of a piston is that of uniform 
thickness. For uniform thickness and a uniform load with 
fixed edges the maximum stress at the edge becomes 


where S = tension stress, psi; w = distributed load, psi; r = 
radius of plate to point of fixation, in.; ¢ = thickness of plate, in. ; 
and m = Poisson’s ratio, approximately 0.3. 

Aside from mechanical-stress considerations, however, the 
heat-flow factor is probably of greater importance. The shape 
of the piston head and its point of connection into the side walls 
must be such as to permit heat flow readily without creating 
concentrated stresses. It is difficult to state a definite rule for 
the thickness of piston heads from the standpoint of heat flow 
because each design is a distinct problem in itself, being de- 
pendent upon such factors as compression pressure, cycle, operat- 
ing speed, type of service, horsepower, and ring setup. In alumi- 
num alloys, it is also necessary to consider whether the piston is a 
forging, a sand casting, a semipermanent mold casting, or a full 
permanent mold casting. Taking this into consideration, in 
addition to mechanical stresses, the thickness of the piston head 
has finally become a rather empirical value secured through 
experience. 

The following values of t,, shown in Fig. 1, have been found 
quite successful: 


3 Grashof’s formulas as given in ‘‘Handbook of Engineering 
Fundamentals,” by O. W. Eshbach, John Wiley & Sons, Inc., New 
York, N. Y., 1936. Also ‘‘Applied Elasticity,’’ by S. Timoshenko and 
J. M. Lessells, Westinghouse Technical Night School Press, East 
Pittsburgh, Pa., 1925. 
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= 0.11D to 0.13D 
= 0.12D to 0.14D 
= 0.13D to 0.16D 
= 0.16D to 0.18D 
= 0.20D to 0.22D 


Four-cycle Diesel, cast iron 

Four-cycle gas, cast iron..................... 
Four-cycle Diesel, aluminum 

Two-cycle Diesel, cast iron 

Two-cycle gas, cast iron 


where D = piston diameter, in. These values apply only to non- 
cooled pistons. The thickness of cooled piston heads may and 
should be materially less than the foregoing. 

It is necessary to retain a considerable thickness of metal 
where the piston head joins the ring belt, but this may then, of 
course, taper considerably toward the lower rings. The total 
thickness of metal at the lower compression ring should be ap- 
proximately 0.10D for cast iron, while a factor of 0.13 is more 
nearly correct for aluminum. In the latter case, the increased 
thickness is for the purpose of relieving stresses rather than pro- 
viding heat flow (see t2, Fig, 1). 

The skirt thickness, provided it is well ribbed against distor- 
tion, is mostly dictated by foundry considerations. The common 
factor to be used for the thickness of the lower end of the piston 
skirt, ts Fig. 1, exclusive of any ribbing, is 0.025D to 0.035D. It 
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need not be mentioned that sudden changes of sec- 
tion in the stressed portion of pistons should not 
be tolerated and that proper support of the load on 
the piston-pin bosses is of the utmost importance. 
It will be noted that, in practically all modern cast- 
iron pistons, some form of baffle plate is iserted be- 
neath the piston head. This has been found to be 
practically a necessity in cast-iron pistons, because 
the piston head frequently runs at such a temper:- 
ture as occasionally to cause crankcase explosion. 
This baffle completely seals the crankcase from the 
hot head. Of course, with aluminum pistons such a 
baffle is unnecessary, because of increased heat-flow 
characteristics and resulting low temperatures. 


WRISTPINS 


The term wristpin does not necessarily refer to 
piston pins for trunk pistons only, but also include 
crosshead pins. There are three general types of 
wristpins used, namely, tight in the piston, full float- 
ing, and tight in the connecting rod. Minimum deflec- 
tion is desired to maintain uniform distribution of load 
on the wristpin bearing. Some types of wristpin con- 
structions result in quite high bearing pressures, an« 


, this uniform distribution of load is necessary in order 


to avoid areas of highly concentrated bearing pres- 
sures and subsequent damage to the wristpin bearings. 

However, from a stress standpoint, it is desirable 
to determine the bending stresses by the most severe 
consideration of loading. This would be to consider 
the entire peak cylinder-pressure load as concentrated 
at the center of the wristpin, with the wristpin con- 
sidered as a simple supported beam, and the reac- 
tions approximately at the longitudinal center of the 
pin extension into the piston bosses. Bending stresses 
and shear stresses from standard beam formulas 
can be determined and combined to give the maxi- 
mum stress. It is suggested that the allowable stress 
be based upon a factor of safety of approximately 10 
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on the ultimate strength of the material used. Pins so pro- 
portioned will usually be found to have sufficient stiffness. 

When the wristpin is tight in the connecting rod, the stress and 
deflection are somewhat less than the results determined by the 
foregoing method of calculation, due to the supporting effect of 
the connecting rod. It is advisable, however, to calculate all 
types of construction by the severest consideration of loading. 

A successful method of obtaining rigidity in wristpins, and 
lightweight reciprocating parts, so as to obtain uniform loading 
on the wristpin bearing is illustrated in Fig. 1. This type of 
construction is best applied to single-acting engines or com- 
pressors and not to double-acting machines, for in the latter it 
becomes difficult to obtain sufficient bearing area for the return 
stroke. It is also particularly applicable to two-cycle engines and 
to four-cycle machines where the gas-pressure load is always 
higher than the inertia load. The piston or crosshead end of the 
connecting rod is saddled and bolted to the wristpin. The thrust 
sides of the bosses in the piston (or crosshead) are extended almost 
to join at the center. A much greater bearing area is obtained on 
the thrust side. The bushing is cut out on the lower side to pro- 
vide space for the saddle part of the con- 
necting rod. The wristpin “beam length” ‘2 
is considerably shortened, thus reducing 
bending stress and deflection. 
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The eye cross section should be small enough so that P, as 
determined by Equation [3], comes out considerably less 
than the actual load to be applied on the connecting-rod eye. 
Calling the actual load P,, the direct tensile stress on the cross 
section of the top of the eye is 


[5] 


where A = cross-sectional area of eye. The maximum tensile 
stress in the eye is the sum of the stress from the bending moment 
M, Equation [4], and the direct tensile stress obtained from Equa- 
tion [5]. 

Large sweeping radii should be used to join the wristpin eye 
to the column of the connecting rod. 

For the saddle type of wristpin design, the bolts on single-acting 
four-cycle engines must withstand the inertia force of the piston 
and wristpin (plus piston rod and crosshead on crosshead-type 
engines). On other engine types, the bolts must withstand the 
maximum load determined by analysis of the loading conditions. 
These loads are resisted by tensile stresses in the bolts and failure 
would cause considerable damage to the engine. Therefore 


The wristpin eye of the solid-eye type 
of connecting rods, wherein the eye is round 
(not wedge-adjusted wristpin bearings) may 
be designed as follows for stresses and de- 
flections.* This method gives lightweight 
construction without excessive bending 
stresses. The method to be outlined has 
been actually checked experimentally by the 
authors on model connecting-rod eyes and 
found to be quite satisfactory. It is realized 
that the method of calculation of connecting- 
rod eyes has always been a controversial 
subject. It is hoped that other viewpoints 
will be presented in the discussions. 

Knowing a definite wristpin diameter, 
bearing-performance experience will enable 
the designer to choose a definite clearance 
between wristpin eye and the pin. The pull 
on the ring necessary to take up this clear- 
ance is 


0.137R$ 


where P = pull on the eye, lb; & = reduc- 
tion of eye diameter in a plane 90 deg to 
the load P, in.; J = cross-section moment 
of inertia; R = radius to neutral axis of 
ring cross section, in., as shown in Fig. 2. 
Then the bending moment at the point of 
load application is 


M =0.318PR.......... [4] 


From the foregoing moment M, the bend- 
ing stress can be determined by the formulas 
for curved beams described later in detail 
under “Connecting-Rod Bearing Caps.” 
‘Strength of Materials,” by S. Timoshenko, 


D. Van Nostrand Company, New York, N. Y., 
1930 edition, pp. 436-440. 
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stresses must be conserv:.tive and material must be high-strength 
steel. A factor of safety of approximately 12 to 13, based on the 
ultimate strength of the steel, is recommended. 

The wings of the saddle type of connecting rod, through which 
the wristpin bolts pass, are partly held at their sides. However, 
to simplify the method of calculating the depth required, it is 
convenient to consider them as simple cantilever beams with the 
bolt load as the applied load. The length of the cantilever beam 
is the distance y shown in Fig. 1. Bending stress at the junction 
of the cantilever and the main shank of the connecting rod should 
not be more than the ultimate strength divided by about 10. 

For the main-column section of the connecting rod, three 
cross-sectional types are used: I-beam, round, and rectangular. 

The minimum area of any cross section should be such that 
the compression stress per square inch of area from peak cylinder 
load is not more than the ultimate strength of the steel divided by 
approximately 7. 

In addition to direct stress on the minimum cross-sectional area, 
the connecting rod is a column and should be designed for safe 
stress as a column. When bending in the plane of the crank- 
shaft center line, both ends of the column are considered fixed, 
with the column length as the distance from the crankpin center 
line to the wristpin center line, Fig. 3(b).  Rankine’s formula for 
short columns has been found to be the most satisfactory, as 
very rarely is the //r ratio of connecting rods greater than 120. 
When bending in a plane 90 deg to the crankshaft center line, 
the ends of the rod are considered free, Fig. 3(a). Thus, in the 
latter direction, the cross section of the rod must be designed with 
a greater radius of gyration r than in the other direction. Ran- 
kine’s formula for short columns is 


S, = (P/A){1 + k(/r)?] 


where P = total thrust load on rod, lb; A = cross-sectional area 
at mid-point of rod, sq in.; k = 0.00004 for columns of fixed 
ends; k = 0.00016 for columns with free ends; 1 = length of rod 
from center line of crankpin to center line of wristpin, in.; r = 
radius of gyration of mid-point cross section in the direction that 
bending is being considered, in.; and S, = column stress, psi. 
The latter value should not exceed the ultimate tensile strength of 
the material divided by a factor of safety 6.5. 

Using this method of design, it is quite obvious that the maxi- 
mum stiffness and strength, with the minimum weight of material, 
is obtained by the use of I-beam cross-sectional shapes with the 
long axis of the I-beam in the plane 90 deg to the crankshaft 
center line. On some types and sizes of engines, where a low rate 
of production does not warrant the expense of dies for forging 
the I-beam section, it is more economical to use either the round 
or rectangular shape. 

The crankpin end of the connecting rod must be made stiff to 
prevent bending of the bolts holding the cap, and to prevent de- 
flection of the crankpin-bearing shell. Most failures of crankpin- 
bearing bolts and some failures of crankpin bearings may be 
attributed to the lack of stiffness in this end of the connecting 
rod. It is impractical to state the maximum allowable deflection 
in this end of the rod as this must be judged mostly by experience 
obtained from previous designs. The ideal deflection would, of 
course, be zero which is obviously impossible. 

The flanges of the I-beam of the connecting-rod shank should 
be extended right to the bearing-shell backing to help stiffen the 
support for the bearing, as shown in Fig. 1. The angular cross 
section on approximately a radius from the center line of a 
crankpin bearing to the curve where the rod flares out to form 
seats for the bolts should also be of I-beam cross section for great- 
est rigidity with minimum weight. The bolts should be fitted 
at the joint between the rod foot and the connecting-rod-bearing 
cap, or heavy closely fitted dowels should be used. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1941 


\_ YA 


Fic. 4 A Weak Connecting-Rop Foor 

A lightweight design which caused considerable difficulty in 
broken bolts, due to deflection of the rod foot, is shown in Fig. 
4. A comparison of Fig. 4 with Fig. 1 will show the great gain 
in stiffness in the latter design with only a slight increase in 
weight, the increase in stiffness being in the ratio of approxi- 
mately 4.5to 1. The type of design shown in Fig. 1, which is now 
more universally used, has eliminated crank-bolt breakage previ- 
ously caused by bending, due to deflection of the crank end of the 
connecting rod. It can also be shown mathematically that the 
centrifugal force of the rotating end of the connecting rod applied 
outward, when crank and connecting-rod center lines are approxi- 
mately 90 deg with :-ach other, that the deflection of the design, 
shown in Fig. 4, will cause a bending stress in the bolts of approxi- 
mately 34,000 psi. Adding to this the direct tensile stresses on 
the bolts, we find that the actual working stress is practically at 
the endurance limit of the material. This accounts for the 
failures. 


CRANK-BEARING Botts 


In four-cycle engines, the crank-bearing bolts must withstand 
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in tension the force due to reciprocating inertia plus the cen- 
trifugal force of the rotating end of the connecting rod (less that 
caused by the connecting-rod cap). In other types of engines, 
particularly double-acting engines, the actual maximum load 
must be determined by a complete analysis of loads for the 
entire cycle. The proportion of rotating and reciprocating 
portions of the rod can be determined by calculating its center of 
gravity or by weighing simultaneously the assembly on two scales. 

Crank-bearing bolts are very vital parts of an engine and 
failure may cause considerable damage to the balance of the 
engine. For this reason, stresses must be conservative and the 
material should be the best steel that is obtainable. A factor 
of safety of approximately 12 to 13, based on the ultimate strength 
of the steel, is recommended in selecting the bolt size for a known 
working load. Heat-treated chrome-molybdenum steels of ex- 
cellent physical properties, both in ultimate tensile strength and 
impact resistance, can be obtained. On assembly, these bolts 
should be tightened to give an initial stress of approximately 
twice the actual working stress. 

It has been suggested that an important part of an engine, 
such as a crank-bearing bolt, should be replaced with a new one 
after a certain period of service because the bolt “fatigues’’ and 
must be replaced or it will ultimately fail. This should not be 
necessary if the engine is so designed that these bolts are not 
stressed to the endurance limit of the steel being used. Physical 
research on steels has proved that, when repeated stresses, be- 
low the static ultimate strength of the steel, are applied, failure 
occurs after a certain number of cycles. However, as various 
stresses are applied, there is a stress value below which the re- 
peated loads can be applied with an indefinite number of cycles 
without failure. Research laboratories have accepted 10,000,000 
cycles as the point of measurement of the endurance limit. 
Therefore, if the stress is at such a value that the specimen will 
absorb 10,000,000 or more cycles without failure, it will go on 
indefinitely without failure at this stress. As long as the actual 
stresses used on the bolt are safely below this value, known as the 
“endurance limit,’’ these stresses therefore could be repeated 
indefinitely without failure. The fallacy of the practice of 
changing bolts every few years is apparent when considering 
that it would be necessary to change them perhaps each week or 
each month, depending upon engine speed, in order not to exceed 
10,000,000 cycles. 


CONNECTING-Rop-BEARING CAPs 


Regardless of the shape proposed for the cross section of the 
connecting-rod-bearing cap, the cap stress should be determined 
by the most severe consideration in order to gain rigidity. 
Again, it is not practical to state what definite deflections should 
be permitted, because the ideal would be zero and the limiting 
value is determined by good performance experience. The 
simplest method of gaining rigidity is to consider the cap as a 
freely supported curved beam. The supports are at the crank- 
bearing-bolt center lines and the maximum load applied to the 
center of the cap as a concentrated load. The actual total load in 
all crank-bearing bolts, obtained from a study of the forces 
(inertia forces and others), can be this concentrated load. Again, 
I-beam cross sections give the most strength and rigidity with 
the least weight. 

The bending moment on the beam is the simple beam formula 


where M = moment, in-lb; P = load on cap, lb; and X = dis- 
tance from nearest bolt to cross section under consideration, in. 

The stress caused by moment M in Equation [7] is determined 
by using the straight beam-stress formulas and applying a cor- 
rection factor K. These K values are given in Fig. 5 for various 
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Fic. 5 Correction Factors For Curvep 
types of cross sections.> Thus, the stress at the section being con- 
sidered is 


Sp = KMce/I [S] 


where S» = bending stress, psi; M@ = bending moment from 
Equation [7]; c = distance from neutral axis to extreme fiber on 
side (tension or compression) being considered, in.; J = cross- 
sectional moment of inertia, in.4; K = correction factor for curva- 
ture of beam and is variable depending upon shape of cross sec- 
tion and also on R/c; where R = radius of curvature of path of 
neutral axis at point where the cross section is being studied and 
c, = distance from neutral axis to extreme fiber on concave side 
of curved beam. 

Thus, for a connecting-rod cap with a load P on the concave 
side we have 


S, = K,Me,/I [Sa] 
compression on the inner fiber in psi, and 
S, 


tension on the outer fiber, psi. In Equations [8], A; = correction 
factor for inner fiber; K: = correction factor for outer fiber; ¢ 
= distance to inner fiber, in.; and c. = distance to outer fiber, in. 
Both K, and K, are given in Fig. 5 for the determined value of 
R/c; for a definite section shape. 

By referring to Fig. 1, a better tie-in of the foregoing method 
to solving an actual problem is apparent. Various cross sections 
of the cap should be analyzed for stress in the same manner. At 
section CC in Fig. 1, note that there is a small radius where a 
flat is milled to prevent the head of the crank-bearing bolt from 
turning. Even if this radius is made as generous as possible, the 
tension stress at this point, as determined previously, should be 


5 Fig. 5 is reproduced from Seely’s results in ‘‘Handbook of Engi- 
neering Fundamentals,” reference (3), pp. 5-34. 
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increased by 50 per cent to allow for stress concentration due to 
this fillet. 

It is suggested that the allowable bending stress on the cap, 
when determined as described previously, should not exceed ap- 
proximately 10 per cent of the ultimate strength of the material 
used. 


Piston Rops For CROSSHEAD-TYPE ENGINES 


The actual load on the piston rod, both in compression and 
tension, should be determined by a careful analysis of all the 
forces occurring during the engine cycle. 

Piston-rod stresses in compression should also be determined by 
using Rankine’s formula for short columns. The column should 
be considered fixed at the crosshead end and rounded and free at 
the piston end. This consideration gives the following formula 


AUGUST, 1941 


S, = (P/A)[1 + [9] 


where S, = column stress, psi; P = total thrust load on rod, lb; 
A = cross-sectional area of rod, sq in.; | = length of piston rod 
from center line of crosshead to center line of piston boss, in.; 
r = radius of gyration of cross section of rod, in.; for solid circu- 
lar rods r = d/4, while for hollow circular rods 


r= 


where d = outside diameter, in., and d, = inside diameter, in. 

A factor of safety of approximately 5.5 based on the ultimate 
strength of the material is suggested. 

For tension loads on the piston rod, the direct tensile stress on 
the least cross-sectional area (which may or may not be less than 
A given in Equation [9]) should not exceed about 10 per cent of 
the ultimate strength of the material. 
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Some Particulars of Design and Operation 
of Twin-Furnace Boilers 


By JOHN BLIZARD,' NEW YORK, N. Y., anp A. C. FOSTER,? NEW YORK, N. Y. 


This paper outlines the advantages to be gained by 
making a boiler with two furnaces instead of one. These 
advantages comprise a lower furnace exit-gas temperature 
in a boiler provided with two furnaces than in a boiler 
with a single furnace, for the same rate of heat liberation 
per unit of furnace volume. Further, it is pointed out 
that, when a radiant superheater is installed in one of 
the furnaces, the final temperature of the steam may be 
controlled over a wide range of steaming by suitable ad- 
justment of the rate of firing in both furnaces. A par- 
ticular boiler generating 750,000 lb of steam per hr with 
two furnaces, fitted with both radiant and convection 
superheaters, is described and some particulars of its 
operation are given. Other boilers with two furnaces 
and provided with radiant superheaters are also illus- 
trated and described. 


ratio of the area of the walls of the furnace to the volume of 

the furnace decreases. In fact for precisely geometrically 
similar furnaces, cooled by steam or waterwalls, doubling the 
linear dimensions of the furnace halves the ratio of the cooling 
surface to the volume of the furnace. Furnaces, however, are 
designed to give approximately the same rate of liberation of heat 
per unit volume regardless of the size of the furnace and, conse- 
quently, the gases will leave the large furnace at a higher tem- 
perature than they will leave the small furnace under these condi- 
tions. With many fuels, this offers no difficulties but for others 
it means that the gas and the ash, which accompanies the gas, will 
enter the convection heating surface of the boiler and super- 
heater at so high a temperature that ash will be deposited on the 
boiler and the superheater tubes. This restricts the flow of gas, 
changes the superheat, and, to some extent, reduces the efficiency 
of the unit. 

In order to obviate these difficulties the fuel may be burned 
in two or more furnaces, whereby the ratio of cooling surface to 
total furnace volume is increased and the temperature of the gas 
leaving the furnaces may be reduced to a temperature low enough 
to prevent the deposition of molten ash on the convection heat- 
ing surface. The furnaces themselves may be cooled either by 
waterwalls or a radiant superheater. The waterwall and super- 
heater tubes should be bare, in order to cool the gases to the great- 
est extent and as early in their passage from the burner as possible, 
since this not only reduces the likelihood of slag depositing on the 
walls but also, by decreasing the mean temperature in the furnace, 
increases the time taken by a particle of coal to pass through the 
furnace, thus giving it more time in which to burn. __ 

The use of two furnaces instead of one presents: (a) An oppor- 
tunity to install a superheater in one or more of the walls of one 


IS well known that, as the size of a furnace increases, the 
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of the furnaces where, by regulating the relative rates of combus- 
tion, final temperature of the steam may be held constant or va- 
ried as required over a wide-range load; (b) less time is required 
in starting than where only one furnace, in which there is a super- 
heater, is employed. This is accomplished by firing a small 
amount or no fuel in the superheater furnace until steam gener- 
ated by fuel fired in the water-cooled furnace passes through the 
superheater. 


TypricaL MopERN TwIn-FuRNACE BoILER 


In some designs it has been found desirable to place the entire 
amount of superheating surface in one of the furnaces, while in 
others it has been found more desirable to place only a part of the 
superheating surface in the furnace and to superheat the steam 
further by means of a conventional convection superheater. This 
general principle of design has been adopted for several boilers 
now in use, one of which is in operation at the plant of the Ohio 
Power Company, at Power, West Va. This boiler has been in 
operation for more than a year and has proved its ability to de- 
liver steam at a constant temperature over a load range of 325,000 
to 800,000 Ib of steam.per hr with no undue difficulties from depo- 
sition of slag on the heat-absorbing surface. 

Cross sections of this boiler are shown in Fig. 1 and some par- 
ticulars of the design are given in Table 1. 


TABLE 1 DESIGN DATA OF OHIO POWER COMPANY 
TWIN-FURNACE BOILER 


Design steam capacity, 750000 
Design heat release, Btu per cu ft per br..............20ee000:- 23700 
Heating surface 
Distribution of projected surface 
in furnaces below screen tubes 
Left-hand t-hand 
side, sq ft ide, sq ft 

a 


As indicated in Fig. 1, the left-hand furnace is cooled entirely 
by waterwalls, while the right-hand furnace is cooled by water 
on all walls except the right-hand wall in which is a radiant super- 
heater. The division wall between the two furnaces consists of 
two rows of tangent tubes, which effectively screen one furnace 
from the radiation of the other and substantially prevent any ma- 
terial passage of gas between the two furnaces. 

The mixture of water and steam leaving the division-wall tubes 
enters the small drum at the top of the division wall and is con- 
veyed through four rows of staggered tubes, spaced 28 in. hori- 
zontally and 14 in. vertically, to the side walls of each furnace. 
These widely spaced tubes form a slag screen through which the 
gases pass to an intervening chamber before entering the nest of 
boiler tubes. 
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The sloping portion of the boiler tubes also is widely spaced, 
i.e., 28 in. horizontally and 14 in. vertically. The upper bank 
is staggered with respect to the lower one but the tubes in each 
bank are in line. The boiler tubes in the vertical part of the tube 
bank are spaced 14 in. apart horizontally in the direction trans- 
verse to the flow of gas. 

On leaving the boiler heating surface the gases pass over the 
convection superheater which consists of 2-in. tubes on 3!/:-in. 
centers, then to an extended-surface economizer and two regenera- 
tive air heaters. 

Two steam drums are provided. All the risers of the boiler 
and waterwalls enter one drum, called the turbulent drum. Some 
of the water and all of the steam then pass to a second drum in 
which a steam washer and drier are installed. From this drum, 
the steam passes first to the radiant superheater and thence to 
the convection superheater. 

The boiler and waterwall downcomers are taken from both 
drums and are arranged so as to convey the water by a simple and 
direct path to the supply headers of the boiler and waterwall. 

To maintain a uniform level of water throughout the length of 
the drums, the water leaves the drums through a series of con- 
nections spaced along the length of the drums, which eliminates 
longitudinal flow of water along the drums. Before leaving the 
turhulent drum, the water passes over a weir, which facilitates 
the removal of steam from the water before it enters the down- 
comers. The downcomers are not heated. This reduces the re- 
sistance to flow, gives a greater gravitational head at the entrance 
to the risers and a greater ratio of water to steam in the waterwall 
and boiler tubes. 

The boiler is fired by coal which is pulverized in three ball 
mills, each having a capacity of 14'/. tons per hr. The mills are 
equipped with two exhausters apiece, each of which is arranged 
to fire two burners in each furnace. The twelve burners, of 
intertube type, are near the bottom of the front wall, in two 
rows of three burners in each furnace. With this arrange- 
ment, fuel is distributed uniformly across the full width of the 
furnace. The flame from the burners travels toward the rear 
and then upward through the slag screen to the boiler. The 
ash, which falls to the bottom of the furnace, -is removed in dry 
form. 

The temperature at which the gas reaches the convection super- 
heater, as calculated from the temperature of the gas leaving the 
economizer where it was measured by a bare thermocouple and 
the heat balance on the superheater and economizer, is of the 
order of 1850 F at the designed load, so that no sticky ash is de- 
posited on the convection superheater. 

Fig. 2 shows how the temperature of the final steam varies 
with the rate of steaming. It will be seen that the final tem- 
perature remains practically constant at 925 F over a range of 
about 750,000 Ib of steam per hr to 325,000 lb of steam per hr. 

On the same chart is shown the temperature at which the 
steam leaves the radiant superheater and it will be observed 
that, as the rating decreases, this latter temperature increases 
which is brought about partly by this being an inherent char- 
acteristic of radiant superheaters and partly by firing at a some- 
what greater rate in the superheater furnace than in the saturated 
furnace at the lower loads. 

Had there been no radiant superheater and, if it were felt de- 
sirable to keep the temperature at which the gas enters the con- 
vection superheater down to about 1850 F at full rating, it would 
have been necessary to increase the surface of the convection 
superheater in order to obtain the final steam temperature of 
925 F at the full output of the boiler. 

Had this unit been of the usual design with a single furnace 
and convection superheater, but with gas entering the super- 
heater at about 1850 F at full rating, it would have been neces- 
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sary to install a much larger convection superheater in order to 
maintain a constant steam temperature of 925 F over a range of 
325,000 to 750,000 lb of steam per hr by by-passing the gases 
around the superheater at the higher rates of steaming. 


INSTALLATION Has GREAT FLEXIBILITY 


An interesting example of the flexibility of this boiler is shown 
in Fig. 3. The operators of the plant at one period asked to have 
a supply of about 500,000 lb of steam per hr at a temperature no 
higher than 800 F which is about 75 deg lower than the final tem- 
perature at which the boiler at that time was being operated. 
Fig. 3 shows the results of a test made to determine if this could 
be done. As the rate of firing in the superheater furnace relative 
to that in the waterwall furnace was decreased, the temperature 
of the steam leaving the radiant superheater decreased, resulting 
in a final steam temperature of about 775 F. This represents a 
drop of 100 deg below the normal temperature at which the unit 
was being operated at that time, and was 25 deg lower than had 
been requested by the operators. 

Initially it took 24 hr to bring the unit up to design pressure, 
but now it is customary to take 12 hr to bring the boiler from zero 
to line pressure. It is believed that this can be accomplished in 
8 hr without imposing any undue stress on the pressure parts. 
However, the longer period is preferred, since it is believed that 
eare taken when starting minimizes troubles due to leakage, at 
rolled joints particularly. 
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The normal procedure of firing the boiler when starting is as 
follows: Two oil torches are ignited in the waterwall furnace and 
one in the superheater furnace. The latter torch is kept near 
the division wall and remote from the superheater. When a 
pressure of 230 psi is reached, the unit delivers steam to the low- 
pressure header and coal is then fired through the two center 
burners in the waterwall furnace. At this time about 100,000 
lb of steam per hr is being made and the pressure is increased at a 
rate of 200 psi per hr until the pressure reaches 1200 psi. 

Additional coal burners are then fired in the waterwall and 
superheater furnace and the pressure and temperature of the 
steam leaving the superheater adjusted to meet the requirements 
of the turbine. The boiler is then connected to the high-pressure 
header. 

Great care was taken in putting this unit into service to avoid 
overheating any part of the unit and to avoid heating any part so 
rapidly as to set up undue stress. When putting the boiler on the 
line for the first time, the rate of firing was so adjusted that tem- 
perature rise of water in the boiler did not exceed 25 deg per hr. 


TEMPERATURES TAKEN OF STRUCTURE AND Parts 


When starting, temperatures were measured by means of ther- 
mocouples at various parts of the unit. These temperatures in- 
cluded those of the boiler tubes entering the steam drum, water- 
wall tubes, temperatures on vertical boiler headers, temperatures 
of the beams supporting the economizer, temperatures on the 
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outside of the drum at the top of the division wall, temperatures 
on the No. 3 turbulent drum, which is the steam drum to which all 
riser tubes are connécted, economizer-casing temperatures, tem- 
perature of girders 4nd beams supporting the economizer, econo- 
mizer tube sheet, temperature of radiant superheater tubes, con- 
vection superheater tubes, temperature of gas entering super- 
heater, final steam temperature, etc. These temperatures were 
checked every hour and some of the more important temperatures 
oftener than this. 

In Figs. 4 and 5 some of the readings taken, when starting in the 
usual manner, are shown graphically over the range of zero to 
400,000 Ib of steam per hr. | 

At the top of Fig. 4 are points showing the temperature on the 
bend of a riser entering the turbulent drum. A series of points, 
near these points, represents the temperature of the water in the 
boiler. The top of the bend of the riser is situated at a point 
where the ratio of the steam to water is highest in these risers. 
Its temperature was close to that of the saturation temperature 
throughout, although it is interesting to note that it exceeded the 
saturation temperature by more at the lower pressures and rates 
of firing than at the higher pressures and rates of firing. This 
temperature was measured at an elevation above that of the level 
of the water in the drum so that when starting there was no water 
in the tube at this point but, as the rate of firing increased, the 
circulation improved and the temperature of the tube approached 
that of the water. 

Temperatures of the outer walls of No. 1 drum, which is the 
drum above the wall dividing the furnaces, and of No. 3 drum, 
which is the turbulent drum, are shown to be the same as the 
saturation temperature. 


The levels of the water in the gage glasses on the turbulent (No. 
3) and quiet drums (No. 2) are shown near the bottom of Fig. 4, 
and it will be seen that, when the load rises, the level in the tur- 
bulent drum rises above that in the quiet drum. 

A further set of readings of the difference between the levels in 
the steam drums was taken during normal operation of the 
boiler. These readings are shown graphically by curve 3 in Fig. 
6. Curve 2 shows the pressure required te force the steam from 
the turbulent to the quiet drum. Curve 1 is constructed by add- 
ing the ordinates of curve 2 to those of curve 3 and represents 
the pressure required to force water from the turbulent drum to 
the quiet drum. It will be seen that the circulation of water in- 
creased as the load increased. 

Fig. 5 shows how the temperatures of a tube sheet supporting 
the economizer elements of the casing plate, surrounding one of 
the girders which supports the economizer, and of the gas to the 
superheater, increased as the boiler load was increased on starting. 

At the bottom of the furnaces of this boiler are inclined walls 
beneath which are openings leading to an ash sluice. The dis- 
tance between the burners and the bottom of the furnace is great 
enough to prevent any material circulation of the products of 
combustion immediately above the ash hoppers, which means 
that the gas in this space is comparatively cool, so that the ash 
itself in falling to the hoppers is cooled sufficiently to enable it to 
be removed without difficulty. It has never been necessary to 
use a furnace-cleaning tool or lance on the furnace hoppers. 

The only soot blowers in the furnaces are those used to clean the 
radiant superheater. These are stationary nozzles placed in the 
front and rear wall of the furnace, by means of which the radiant 
superheater may be cleaned thoroughly. 
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The extent and frequency of cleaning the radiant superheater 
TURBULENT is under the control of the fireman who has the soot-blower nozzles 
QUIET DRUM operated, when the rate of firing in the superheater furnace 
produce the final steam temperature of 925 F becomes unduly 
high for the particular load at which the boiler is operated. 

The unit as a whole is kept clean by the use of soot blowers 
and a small amount of hand lancing. It is interesting to note that 
there has been no loss of capacity or outage of this unit due to 
slagging. One man per shift does all of the soot blowing and hand 
PRESSURE USED TO FORCE WATER FROM lancing and empties the soot hoppers. The slag-screen tubes 
PRESSURE USED-TO FORCE STEAM FROM above each furnace are lanced by hand as often as may be re- 
HEIGHT OF WATER IN TURBULENT DRUM | quired which is between once or twice a shift, depending upon 
ABOVE LEVEL IN QUIET DRUM. (h) | the kind of coal being burned. 

The accumulations on these tubes are dislodged very easily 


when hand-lanced. The rate of accumulation is greatest at loads 


TABLE 2 TYPICAL GAS AND WATER TEMPERATURES 


Date of test (1940)... July 4 June22 Junel6 Junel5 July 3 July 2 
Hours at rating 6 6 4 5 5 4 
Rating, 1000 lb per hr 440 
Gas temperatures: 

To economizer 

To preheaters 

Temperature drop.. 

From preheaters.. . 

Temperature drop.. 
Air temperatures: 

From preheaters. . . 

To preheaters 

Temperature rise... 
Water temperatures: 

Economizer outlet. 

Economizer inlet.. . 

Temperature rise... 


INCHES OF WATER 


PRESSURE 


between 500,000 and 600,000 lb per hr. Below 500,000 Ib per hr 
500 600 and above 600,000 lb per hr, the rate of accumulation is small and 
wolbedh casas ass the time and labor of hand lancing correspondingly reduced. 
The amount of hand lancing on the convection heating surface 
of the boiler and superheater is small. In this region dry ash 
builds up on the downstream side of the heating surface until 
most of it falls from the tubes without the aid of steam jets. 


Fic. 6 SHowine DIFFERENCE BETWEEN LEVELS OF WATER 
IN TURBULENT AND QuiET DruMs WHEN ON 


A Ouct to Burners a 


Fie. 7 Marine Borter Wits SEPARATELY FireD RapiENT SUPERHEATER 
(Gases from superheater furnace pass through main furnace.) 
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This boiler operates with an efficiency of about 86 to 88 per 
cent. The CO, in the gas going to the air heater is normally over 
15 percent. In Table 2, some gas and water temperatures, taken 
during normal operation, are tabulated. 

Measurements of the impurities in the steam leaving the boiler 
indicate that the total solids varies from 0.5 to 0.6 ppm with 
total solids in the boiler water varying from 200 to 1400 ppm. 


SEPARATELY FirED SUPERHEATER MarINE BOILER 


Another type of separately fired superheater boiler is shown 
in Fig. 7. Two of these boilers have been in use at sea since 
1938, and were designed normally to generate 17,500 lb of steam 
per hr at 400 psi, 725 F, and at an overload to give twice this 
amount of steam at the same pressure and temperature. They 
are installed on a tanker where at times approximately 30,000 Ib 
of saturated steam is required for pumping and 1500 lb of 
superheated steam for other purposes. It will be seen that there 
are two furnaces. In the furnace with the single oil burner is a 
superheater over which the gases from this burner pass and pro- 
ceed through a screen of water tubes to the main furnace where 
there are three burners, and thence to the main-boiler heating sur- 
face. The temperature of the superheated steam is thus under 
complete control since no gases from the three main burners pass 
over the superheater, and comparatively little radiation finds its 
way ‘to the superheater from the main furnace. The bulk of the 
heat absorbed by the superheater is by radiation from the oil 
flame which accounts for the comparatively small size of the 
superheater. 

In order to avoid overheating the superheater tubes, an auto- 
matic device is provided which prevents the burner in the super- 
heater furnace from receiving oil, unless steam is passing through 
the superheater. If at any time the temperature leaving the 
superheater is too high, the supply of oil to the superheater burner 
is automatically cut off. 

No desuperheater is required with this boiler for supplying 
saturated steam since, by varying the rate of firing in the super- 
heater furnace, the superheated steam can be held at the desired 
temperature, regardless of the proportion of the total steam which 
is being superheated. This is contrary to what occurs with a con- 
ventional boiler and superheater since, with this latter arrange- 
ment, if any steam is withdrawn from the drum the temperature 
of the superheated steam rises and, if the quantity withdrawn in- 
creases unduly, the steam in the superheater tubes may rise to too 
high a temperature. 

In a recent paper,* a steam generator with two furnaces is 
shown which produces steam over a range of 30,000 to 120,000 
lb per hr at a final temperature of 850 F and 600 psi when fired 
by oil or pulverized bituminous coal. It is required also to gen- 
erate from 30,000 to 90,000 Ib of steam per hr at the same pressure 
and temperature with pulverized lignite. Had the usual convec- 
tion superheater been used on this boiler, it would have been im- 
possible to obtain the same steam temperature with these widely 
divergent fuels without arranging for by-passing the gases around 
the superheater in quantities varying with the fuel used. How- 
ever, this boiler has two furnaces, in one of which is a super- 
heater so that by varying the relative rates of firing in the two 
furnaces, the required steam temperature is obtained without 
difficulty. The boiler is similar in principle to the marine boiler 
previously described but differs from it slightly in that the prod- 
ucts of combustion from the superheater furnace, instead of 
passing through the screen of tubes separating the two furnaces 
for the full length of the furnace, pass through an aperture at the 
rear of the superheater furnace to the saturated furnace. Al- 


* “Superheat Control and Steam Purity in High-Pressure Boilers,” 


wy orn Frisch, Trans. A.S.M.E., vol. 62, October, 1940, Fig. 4, 
p. 


though, in this type of boiler the gases from the superheater fur- 
nace pass through the second furnace and thence to the boiler, no 
trouble has been experienced in burning the fuel in both furnaces 
with a slight amount of excess air. 

A particular advantage with this type of boiler lies in the ease 
with which it may be started. When starting, fires are lighted 
only in that furnace in which there are waterwalls and the gases 
do not pass over the superheater. Thus, there is no danger of 
overheating the superheater when, in starting, no steam flows 
through it. 

Fig. 7 of a previous paper‘ illustrates another type of boiler 
with two furnaces which is designed to generate 100,000 lb of 
steam per hr at 725 psi and 750 F final temperature when fired 
with pulverized coal. It has been in operation at Oil City, Pa., 
since 1935. This boiler is equipped with a convection super- 
heater over which the gases from both furnaces pass. When 
operating the boiler below one-half load, only one furnace is used 
which causes the gases leaving the single furnace to be higher than 
they would be were both furnaces in operation; this in turn raises 
the rate of heat absorption of the convection superheater and so 
raises the temperature of the steam at the lower rates. In fact, 
with this mode of operation, there is but slight variation in the 
temperature of the steam over a range of evaporation of 30,000 
to 100,000 lb of steam per hr. The variation of the temperature 
with the rating is shown in Fig. 8 of the paper‘ referred to. 


SuMMARY 


Three types of boilers each with two furnaces and separate 
means of firing these furnaces have been described as follows: 


1 A boiler with two furnaces, in one only of which is placed a 
radiant superheater. In addition to the radiant superheater, 
there is a convection superheater over which the gases from both 
furnaces pass. 

2 A boiler with two furnaces, in one of which is placed a super- 
heater. It differs from the first type in that the gases from the 
superheater furnace pass through the furnace in which there is no 
superheater. No convection superheater is provided. When, as 
on a ship, a separate supply of saturated steam is required, the 
steam may be taken directly from the steam drum. 

3 A boiler with two furnaces from which the gases pass over a 
convection superheater. No radiant superheater is provided. 


With these boilers, which have two furnaces instead of one, it 
is possible to increase the cooling surface surrounding the fur- 
naces and, by differential firing of the two furnaces, to control 
the steam temperature over a wide range of steaming without 
installing a large convection superheater which has to be by- 
passed at the high loads if the temperature of the steam is to 
be controlled. 


Discussion 


R. S. Jutsrup.® Several interesting features of the design of 
twin-boiler furnaces together with operating data of a large unit 
have been given in this paper. The writer would like to ask some 
questions concerning automatic control of steam output and 
steam temperature with this unit. In the conventional single- 
furnace and convection-type superheater, automatic control of 
steam output and steam temperature may be accomplished by 
any one of several automatic-control systems now available. 
However, with the twin-furnace boiler, a demand, say for in- 


4 “What Are Logical Trends in Design for Steam Generation?” by 
H. J. Kerr, John Van Brunt, and Martin Frisch, paper presented be- 
fore Power Division of Metropolitan Section, A.S.M.E., New York, 
N. Y., Nov. 18, 1937 

5’ Harmon-on-Hudson, N. Y. Mem. A.S.M.E. 
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creased steam output, would call for increased heat input to the 
saturated furnace. In order to maintain a constant total steam 
temperature, this might necessitate reducing the heat input to 
the superheater furnace. An explanation as to just how this is 
accomplished without a somewhat complicated system of auto- 
matic control would be of interest. The writer would further ask 
what means are employed to advise the operator when the rate of 
firing in the superheater furnace to produce a certain steam 
temperature has become unduly high for that particular load 
and prompts him to use the radiant-superheater soot blowers 
to remove accumulated ash and possible clinker from these sur- 
faces. 

The question of completely bare waterwall tubes or armor-clad 
surfaces in furnaces subjected to high heat inputs with conse- 
quent high furnace temperatures is still debatable. An increase 
in mean furnace temperature from 2000 F to 2500 F would in- 
crease the volume of the products of combustion in the ratio of 
1 to 1.17 or 17 per cent and the velocity head approximately 
0.037 in. water gage. Since complete combustion of a pulver- 
ized-coal particle depends largely upon rapid and intimate con- 
tact with oxygen, viz., turbulence, the particle size, volatile con- 
tent, etc., and also temperature to a lesser extent, the increase in 
the time element in the furnace, which is due to even a large 
increase in furnace temperature would not materially affect the 
completeness of combustion of the particle. 


AutHors’ CLOSURE 


Mr. Julsrud asks how the temperature of the steam, from the 
large boiler described in the paper is controlled. 

The temperature of the steam is controlled automatically by a 
temperature controller that operates so as to vary the loading 
pressure on the fuel and air controllers for the saturated and 
superheater furnaces in accordance with the requirements. An 
increase in steam output is automatically met by an increase in 
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heat input to both furnaces. Then if the steam temperature is 
low the loading pressure on the fuel controller regulating the 
fuel to the superheater furnace is increased which increases 
the heat input to the superheater furnace. This will increase the 
steam pressure since the total heat input is now more than the de- 
mand so the master pressure controller acts to reduce the input 
to both furnaces. This action is maintained until the steam tem- 
perature is as required. The opposite takes place if the steam 
temperature is high following a change in load. 

Differential pressure gages are provided to indicate to the 
operators the extent by which the flow of fuel to one furnace ex- 
ceeds that to the other furnace. At full load both furnaces are 
fired equally. From experience the operator knows about how 
much difference in differential there should be for the designed 
steam temperature at various loads. When the operating gages 
indicate too great a difference from the normal in fuel flow to 
the superheater furnace he has an indication that the radiant 
superheater needs cleaning. Another indication is obtained from 
the position indicators of the fuel controllers. In addition the 
desirability of cleaning the radiant superheater may be made by 
inspection. 

Mr. Julsrud also discusses the effect of increasing the mean 
temperature of the gases in the furnace from 2000 to 2500 F on 
burning the coal. This increase in temperature would increase 
the specific volume of the gases by 20 per cent and accordingly 
would cause the gases at the lower temperature to take 20 per 
cent longer to pass through the furnace, which would thus give 
the coal 20 per cent longer time in which to burn. He appears 
to infer that since the velocity pressure will be higher at the higher 
temperature, the turbulence will be greater. But velocity pres- 
sure unless taken as a ratio of the pressure gradient is not a 
measure of turbulence. Actually, since the viscosity at 2500 F 
is 11 per cent greater than it is at 2000 F the turbulence pre- 
sumably is less at the higher temperature. 
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Condenser Tubes and Their Corrosion 


By CHARLES W. E. CLARKE,! A. E. WHITE,? ann C. UPTHEGROVE* 


The authors present a brief review of the development of 
condensers for steam prime movers, a discussion of some 
of the problems in connection with them that have been 
met and overcome, and a tabulation of returns from a 
questionnaire. They then describe and report a series of 
tests with a miniature condenser with tubes made of 
admiralty metal, aluminum brass, and cupronickel. 
Conditions were as closely as possible a duplication of 
those existing in a working condenser. In addition to 
corrosion tests, impingement tests were made. The au- 
thors present and discuss the results of these tests and 
grade the tubes tested in order of resistance to corrosion. 
Full information on the tubes tested is presented, with the 
results of metallographic examination of the materials 
of which the tubes were made. The conclusions arrived 
at asa result of a study of the tests are summarized at the 
end of the paper. 


HIS paper has to do mainly with condenser tubes and their 

life as related to the material of which they are made. How- 

ever, a brief review of the development of condensers, par- 
ticularly as applied to stationary power-plant practices, and a 
discussion of some of the problems that have been met and over- 
come may be of interest. 

The use of condensers to extend the heat range of steam-power 
unitsisold. Infact, Savery and others in the seventeenth century 
used the condensation of steam in a closed vessel to perform work. 
Surface condensers began to come into use along with steam 
navigation but there was little or no development until the advent 
of the steam turbine as an important prime mover. Prior to that 
development, high- or low-head jet condensers were the principal 
means of providing vacuum for engine-driven power units in 
land practice. 

The original surface condenser consisted of a shell containing 
as many tubes as could be crowded in. Vacuum requirements 
were not severe, as these early installations were made in con- 
junction with reciprocating engines. One of the principal land 
uses originally was in connection with pumping engines which 
always provided a cooling-water flow many times the actual needs 


- for steam condensation, so that what might be called the “‘sur- 


face efficiency” was not important. 

The original shell full of tubes has given way to tube layouts 
which provide proper steam access to all of the cooling surface. 
This has permitted a great reduction in the surface requirement 
per pound of steam condensed. Pressure drops across the con- 
denser have been reduced from about one half inch of mercury 
in the older designs to a tenth of an inch in present-day installa- 
tions. This is no small item, especially for turbine operation 
where exhaust pressures of one inch of mercury absolute or less 
are the order of the day instead of the 2'/; to 3 in. of days gone by. 

An interesting example of the early steps in the improvement 


‘Consulting Engineer, United Engineers & Constructors Inc., 
Philadelphia, Pa. Fellow A.S.M.E. 

* Director, Department of Engineering Research, University of 
Michigan, Ann Arbor, Mich. Mem. A.S.M.E. 

* Professor of Metallurgical Engineering, University of Michigan. 

Contributed by the Power Division and presented at the An- 
nual Meeting, New York, N. Y., Dec. 2-6, 1940, of Taz American 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


of condenser performance occurred in 1908 at the Port Morris 
Station of the New York Central Railroad. The condensers con- 
sisted of a shell packed as full as possible with 4000 tubes. About 
25 per cent of the tubes were removed in such a way as to leave 
three tapering steam lanes leading into the body of the tube bank 
and a fairly wide lane along the top. This change resulted in an 
increase of about one inch in vacuum. 

Vacuum pumps were of the wet-vacuum type, usually driven 
from the shaft of the main prime mover. Later, separately driven 
dry-vacuum pumps were developed, to be superseded in present- 
day practice by steam-jet air pumps. 

In order to secure some authentic information as to the detailed 
history of surface-condenser development, questionnaires were 
sent to several of the largest manufacturers of condensers and 
tubes. The answers to these questions are shown in Tables 1 
and 2. 

In the development of surface condensers, one of the main 
difficulties has been corrosion of tubes. The location of many of 
our large public utilities and industrial power plants is such that 
the condensing-water supply is contaminated by industrial waste 
and sewage, resulting in water which is corrosive. In many cases 
the water contains gases which are liberated in passing through 
the condenser, which add to the corrosive difficulties. 

The liberation of corrosive gases within the condenser tubes 
owing to the increase in temperature and reduction of pressure 
is a principal cause of tube deterioration. Various methods have 
been tried to remove part of these gases before they can act on 
the cooling surfaces. One simple method consists of suitable pipe 
connections from the top of the inlet water boxes to the drop leg of 
the circulating system. The vacuum produced by the drop-leg 
siphon draws off a mixture of water and such gases as may be 
free at this point. However, this will not remove the dissolved 
gases which are occluded owing to the temperature rise and pres- 
sure drop within the tube itself. 

Much has been written regarding these matters in the past. 
However, each location or water quality presents a different 
problem and results in actual service have more often than not 
been contradictory. 

Collection of debris at the tube entrances (leaves, etc.) has 
always been a problem in surface-condenser operation. High- 
pressure water jets from nozzles which operate through ball-and- 


: socket joints in the water-box cover plates have been effective 


in many cases. Divided water boxes, which allow tube replace- 
ment and cleaning of half the condenser while the unit operates, 
are common. ‘ 

Hot-well temperatures in old-type condensers were often five 
degrees lower than the temperatures due to vacuum. Proper 
tube laning in modern condensers allows steam to come in contact 
with the condensate going to the hot well. This secures tem- 
peratures substantially the same as those due to vacuum and 
at the same time causes more complete deaeration of the con- 
densate which is so important in modern high-pressure-boiler 
practice. 

Tube end leakage was formerly a serious problem. Methods 
of packing have been gradually improved from the old corset 
lace to fiber, metallic, and finally to the expanding of tubes into 
the tube plates without the use of any packing material. In 
most of the older designs the tube ends protruded beyond the 
face of the tube sheet. This resulted in serious wear and de-. 
terioration of the tube at the inlet end. To correct this condition, 
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TRANSACTIONS 


OF THE A.S.M.E. AUGUST, 1941 


TABLE 1 HISTORY OF CONDENSER DESIGN 


Elec. & 

fg. Co. 

What was the date of your first in- 1919 
stallation of steam-jet air pumps? 

(a) When did you first appreciate 
the necessity for proper steam lan- 
ing? 

(b) What were the main phases you 
went through in connection with 
this development? 


1912 1916 


Only development has 
radial steam in- 
le 


form lanes 


Drop changed from 
0.4 in Hg to 0.1 in 
Hg in large units 

Holes in_ horizontal 

partition 
1916 


What were some the 
guarantees you made in op 
across condenser, inches Hg? 

When did you first attempt to take 
gases out of circulating water to 
prevent cavitation at tube en- 
trances? 


When did you first build a condenser 
with divided water box 


When did you first build a pontoneer 
with deaerating hot well? 


When did you first supply a conden- 
ser with expanded tubes? 
(a) One end 
(b) Both ends 1925 
When did you first equip a condenser 
with venturi or rounded-type in- 
lets at the tubes? 
When did you make your first all- 
steel weld ed-shell condenser of 
fairly large size? 


1935 


Now they goashigh as Up to 1918. 


What decrease in surface require- 
850 Btu/sq ft/F/hbr Btu/s 


ments per pound of steam, or in- 


crease in heat transfer? r. 


Foster Wheeler Corp. 
1917 (Alberger) 


1 Omitting tubes to 
2 Radial design 


No answer 


No answer 


1910 (Alberger) 


No answer 


Worthington Pump & 
Machinery Corp. 

1918, Erie Works, General Elec- 
tric Company 

1895, Nassau Electric Railway 
Company, 39th Street Station, 
4500 sq ft 

1 Steam-inlet lanes 

2 Steam-inlet and outlet lanes 


Ingersoll-Rand Co. 
1920 


Prior to 1922 


Use full available area, spotting 
tu to suit quantity 
steam flowing 

Where necessary use ‘‘steam by- 

— which are shrouded 
uc 


Drop changed from 0.5 in Hg in None 
1908 to 0.1 in Hg for present-day 
design 

1916, 35,000 ae | ft condenser of 
Lowellville tation, Republic 
Railway & Light Company 

1917, Connors Creek, Detroit Edi- 
son Company 

1913, Brunot Island, Duquesne 
Li ght Company, 2’ condensers 
for one turbine 

1920, Hell Gate Station, Consoli- 
dated Edison Company 

1929, three 57,000 sq ft for Ashta- 
bula Station, Cleveland Electric 
Illuminating Co. 


1925 


1895, marine condensers, 1916 1920 
(35,000 sq ft) 
1890 (300 sq ft) 

1888 (two 2120 aq ft, City of Cin- 


cinnati) 


1929 
1920 


1930, one 10,300 sq ft for Asperial 
Oil Company, five 12,492 sq ft 
Baltimore Mail line steam- 
ers 
Heat-transfer rate increased about 
50 per cent since 1908 


1929. 7000 sq ft condenser 
1931, 26,000 sq ft condenser 


Used 


used high transfer 


Now they go 


850 
Btu F/br 


Still used on some in- 
lations 
opper 
Slip joints 
Rubber types | 
Most installations use 
spring 
Counterweight 
Condenser bolted or 
welded to turbine ex- 


Expansion joints between condenser 


and turbine? on sm: 


packing 
water-seal: 


Internal air coolers? 
drainage condensate 


the tube ends were kept within the sheet and an inlet ferrule was 
screwed into the tube sheet at the inlet end. 

Corset-lace packing was always troublesome and difficult to 
install properly. Ifthe tubes were soft, drawing up on the follower 
often crimped the tube, making a tight joint impossible. Raw 
tallow was quite generally used with corset lace and broke down 
into various acids, oleic in particular, which were injurious to the 
tube metal. Fiber packing was fairly satisfactory but subject 
to leaks. Alternate rings of fiber and metallic packing probably 
constituted the most efficient of its time. The straight metallic 
packing was quite satisfactory if expertly installed. However, 
this too was subject to crimping. Finally, the practice of ex- 
panding the tubes into both tube sheets came into quite general 
use. In some cases the tubes were bowed slightly so as more 
easily to take up expansion and contraction due to changes of 
temperature. Condensers have also been built with expansion 
joints in the shell, as well as with a floating head. 

Various arrangements have been used from time to time to cool 
the air removed from the condenser before it reached the vacuum 
pump. Generally, the coolers are placed within the condenser and 
consist of baffled sections arranged so that the air passes over a 
section of the tube bank before it reaches the outlet pipe. Exter- 


Still used extensively 
units 


installations 
spring sup- 


slip-type 
joint, using rubber 


First used in 1902, at Elyria, Ohio 

First spring supports, 1914, on six 
condensers for 74th Street Sta- 
tion of the Interborough Rapid 
Transit Company 

Spring support with hydraulic 
acks, 1918, for three 50,000 sq 
t, 59th Street Station of Inter- 
borough Rapid Transit Com- 


First joint, 1922, for Ca- 
hokia Station 

First Phillips rubber joint, 1923, 
Muskogee Station, Oklahoma 
Power Company 

First in 1904 

First in 1904, for 3000 sq ft con- 
denser, Boston Navy Yard 


No answer 


ring, 


No answer 
No answer 


nal coolers have been used but require separate vacuum and cool- 

ing-water pipe connections and offer opportunity for leakage into 

the vacuum system. This leakage can, of course, be largely over- 
* come by complete welding of all connections. 


WATER HEATER 


FROM 400° BOILER 

BLOW DOWN SYSTEM 
RIVER WATER SUPPLY 
35° TO TEMP 


CONDENSER 
7 FT/SEC. VELOCITY 
10° TEMP. RISE 


RIVER WATER 
TO SEWER ~ 


CONDENSER TUBE TEST 


SPLIT TUBES 
HOT RIVER WATER 
SPRAYS 


PLAN 8-8 
T 


Fie. 1 Dracram or Test EquipMENT 
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‘grain-size 


control per se was 
or had any- 


thing to do with 


tube life 
About 1900 realized 


advisable or use- 


ful” 


Never have thought 
that 


Preceded our production of 


condenser tubes and has always 
been applied in the manufacture 
of condenser tubes since 1918 


1905. 


There is no evidence that 


any relation exists between grain 


size and tube life 


1910. 


row of New York Edison Com- 


1912, in conjunction with Mr. Spar- 
pany 


to think grain-size con- 


B When did you first begin Do not control grain size 
trol advisable? 


ing was important 


that final anneal- 
Type of packing not 


For condenser tubes in 1918 


In universal use in 1920 


No definite date 


1912 


and instruments for Phrometric con- 
trol were available 


Corset lace 


Ever since condenser tubes were made 
Fiber 


for it? 


and the 
D What various kinds of 


tute annealin 


C When did you first insti- 
proper contr 


onsibility of 
of 


the tube manufac- 


turer 


Pp 
* Sometimes with 


a res 


small quantities 
nickel and tin. 


No definite answer 


about 1920 
hflo”’ tube inlet ends 


acking 
c packing, 


Alternate layers of fiber and lead- 


Cotton lace 
foil rings 
1924, ‘‘Smoot 


Fiber 


Metal 


No answer 


No definite dates 


Lamp wick 
Metallic 


me- 


ou used, 
be 


e 
corset lace, ét 
tallic, etc., and when? 


packing hav 
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Condenser shells were originally made almost univer- 
sally of cast iron with flanged joints which became rather 
complicated and hard to keep tight in large condensers. 
With the advent of welding the use of steel-plate shells 
came rapidly into vogue and today practically all con- 
denser shells are of welded steel-plate construction. These 
are free of flanged joints and are much lighter and less 
costly than the old cast-iron shells. 

The exhaust connection between turbine and condenser 
has always been a troublesome feature. Expansion joints 
of metal or rubber have been used but they involved two 
large flanged joints which were extremely difficult to 
make tight in the first place and to keep tight after in- 
stallation. The joints themselves were more or less sub- 
ject to cracking with age. In other cases the shell was 
bolted to the exhaust flange of the condenser and care- 
fully designed systems of springs were installed to carry 
the weight of the condenser when there was no vacuum 
in the system. The most desirable arrangement is to 
hang the condenser from the turbine and weld the joint 
with suitable supports provided to take the weight when 
the condenser is filled with water for testing. 

When the question of condensing equipment for the 
extension for The Narragansett Electric Company was 
under discussion, the condenser-tube problem was seen to 
be of major importance. The condensing water available 
is particularly bad and heretofore only jet-type condensers 
have been used, so no experience has been had with tubes. 

In an attempt to assure the best material for tubes, it 
was decided to conduct an extensive test on various mate- 
rials in a way that would as nearly as possible duplicate 
the conditions actually existing in a working condenser. 

Based on such information as was available, Admiralty- 
metal, aluminum-brass, and cupronickel tubes were 
selected as the ones most likely to give good service. A 
miniature cast-iron condenser with Muntz metal tube 
plates was used, as shown diagrammatically in Fig. 1 and 
tubes of each of the three materials just mentioned, as well 
as a bronze tube, were installed as indicated in the cross 
section. Barriers were placed in the inlet water box as 
indicated, separating the sections containing the various 
kinds of tubes so there could be no possibility of water 
coming in contact with more than one kind of tube. 
No attempt was made to vent the water spaces. River 
water was passed through the tubes at a velocity corre- 
sponding to that expected in the actual condenser in- 
stallation and blowdown water from the station 400-lb 
blowdown system was admitted to the steam space. 

In addition to the condenser test, an impingement 
test was made. As will be seen from the diagram, Fig. 1, 
the river water from the test condenser was passed 
through a small heater where its temperature was raised 
to 90-110 F and then sprayed against the inner surface of 
split-tube samples. It was recognized that this test did 
not bear a direct relation to the conditions existing in 
a condenser, but it was thought that the information 
obtained might supplement that from the condenser 
test. It was also felt advisable to make an impinge- 
ment test as it was a test which would produce deteriora- 
tion in the tube metal more rapidly than would be the case 
from a condenser test. When the work was started, it was 
believed that the time element for the condenser test would 
be of the order of but a few months. Therefore, it was 
essential that as much supplementary information as 
possible be obtained. As a matter of fact, there proved 
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to be reasonable agreement between the results obtained from 


the impingement test and the condenser test. 


The work on The Narragansett Electric Company extension 
was delayed, making it possible to carry on this test fairly con- 
tinuously for about 22 months. The only serious interruption 
was that due to the hurricane of September, 1938. The 


entire equipment had to be rebuilt 
and the test was interrupted from 
September 21 to October 26. 

Fig. 2 shows graphically the com- 
parative values of the various tubes 
as indicated by the tests. The first 
line shows the corrosion resistance 
in order of decreasing value as de- 
termined by the condenser test. 
The second line shows loss of weight 
in order of increasing values. The 
third line is a combination of the 
corrosion-resistance results as shown 
by both the condenser and impinge- 
ment tests. The fourth line shows 
the loss in tensile strength after the 
condenser test. The lines connect- 
ing the various tests are drawn in an 
attempt to simplify interpretation 
of the figures. The solid line con- 
nects the various values for a tube 
which gave uniformly good results, 
and the dotted line connects the 
values for a tube which gave rather 
scattered results. Fig. 3 shows a 
comparison of the corrosion-resist- 
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ance results from the condenser and impingement 
tests. 

Fig. 4 is a cross section of a condenser showing 
steam laning and the arrangement for removing en- 
trained gases from the inlet water boxes. This con- 
denser has an external air-cooling section. 


RESULTS OF INVESTIGATION 


The details of the supplementary tests, the corro- 
sion tests, including the impingement and condenser 
tests, and the metallographic examination are given 
in the following section of the paper. 


Test MATERIAL 


In carrying forward the program outlined in the 
preceding paragraphs, 27 different tubes were ex- 
amined, although it would appear from Table 3 that 
there were 28. Specimens 14 and 27, however, were 
from the same tube. Tubes 28 and 29 are not in- 
cluded in the table as these tubes split in installa- 
tion and no corrosion tests, therefore, were made 
upon them. The tubes which were tested were of 
the aluminum-brass, cupronickel, admiralty, and 
bronze compositions. They were furnished by vari- 
ous manufacturers and the question of grain size and 
physical properties resulting from the drawing and 
annealing operations was left largely in the hands of 
the companies producing the tubes. 

The materials supplied are given in Table 3. 


CHEMICAL CoMPOSITION 


No specific analyses were made of the stock, al- 
though it was assumed that all the tubes furnished 
from the chemical standpoint, with the A.S.T.M. 


standard specifications for the respective grades involved. The 


Among 


phorus, 


type of composition is given in Table 4. 


condenser-tube manufacturers various claims are made 


for the respective advantages of slight additions of arsenic, phos- 


nd antimony. As the results of this investigation 
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showed the aluminum-brass tubes to be superior to any of the ae tue. 
other types of tubes, and as arsenic is said to be of importance in 

aluminum brass, an analysis was made of all of the different types 
of aluminum-brass tubes for arsenic. The results given in Table 


5 and Fig. 2 indicate that arsenic was present in all of the tubes, pee 
ranging in amounts from 0.006 to 0.071 per cent. Though it 
would appear from current practice that arsenic additions are de- 
sirable, the findings do not point to any definite upper or lower CONDENSING WATER DISCHARGE want 
3 limitations for the amount that should be present. 
Claims are also made that phosphorus additions are desirable. 


A qualitative test was made, therefore, on six of the aluminum- || 
brass tubes which made the best showing under the combined 
PF tests, and traces of phosphorus were found in all of these tubes. 


DISCUSSION OF RESULTS \ 

c: Before proceeding to the discussion of the results from the im- 
pingement and condenser corrosion tests, for these are the tests on 
which the major emphasis will be placed, a number of supplemen- 
is tary or additional tests were made. Among these were the mer- 
t curous-nitrate, flattening, expansion, and tensile tests. 


H | 


| 


OUTLET END 


INLET END 


No details with regard to the mercurous-nitrate, flattening, 
and expansion tests are included in this paper as the findings ap- \\ 
pear to be of no significance from the standpoint of resistance to / r\ 
corrosion. It is, of course, to be understood that any tubes which CONNER TION 
= are to be installed in condensers should meet the requirements of \\ 

a the mercurous-nitrate and expansion tests. Flattening tests are  aiaas 

not included as they are no longer a requirement in the standard 
1G. A ND SER WIN A ANIN 

A.8.T.M. specifications for condenser tubes. AND ARRANGEMENT FOR VENTING GasEs ENTRAINED IN 


Recognizing the probability that as a result of the corrosion 
attack the tensile properties of the tubes would be decreased, 
tensile tests were made on the tubes before and after being sub- 


TABLE 6 TENSILE TESTS ON 12-INCH LENGTHS OF CON- 
DENSER TUBING BEFORE AND aa IN EX- 


TABLE 3 LIST OF TEST MATERIAL a 
Material No. Condition furnished Loss in oe nee 
Aluminum brass 1 Hard-drawn tensile strength, Before, After, rease, 
Aluminum brass 2 MHard-drawn; ends annealed Tube no per cent percent per cent per cent 
Aluminum brass 3  Hard-drawn 1 47.4 2.1 2.0 
Aluminum brass 4 Annealed 2 s: 1 25.8 19.5 6.3 
Aluminum brass 5 Annealed 4 5.2 45.9 35.3 10.6 
Aluminum brass 6 Hard-drawn; tensile 110,000 psi; 0.035 mm grain 5 5.2 47.0 47.0 ; 
Aluminum brass 7 Hard-drawn; tensile 118,000 psi; 0.025 mm grain 6 2.8 3.4 2.0 1.4 
size 7 3.1 1.4 1.6 ‘i 
é Aluminum brass 8 Annealed; 0.17 mm grain size 8 5.3 37.1 34.6 2.5 
4 Aluminum brass 9  Hard-drawn; Snead shock 9 3.3 3.8 3.2 0.6 
4 led de ‘ed 10 6.1 53.5 49.9 3.6 
; uminum brass ief-annealed; ends annea 5 
Aluminum brass 13 Full anneal A.S.T.M. specification = 
13 4.1 45.0 52.3 “ 
Aluminum brass 15 Annealed 
Aluminum brass 27 Part of tube 14 14 5.4 9.9 5.0 4.9 
c . 15 2.9 42.8 40.0 2.8 
Supronickel 16 70/30 annealed 17 8.2 36.0 30.2 5.8 
Cupronickel 17 70/30 annealed; Snead A No. 2 
4 Cupronickel 18 80/20 18 3.3 32.0 25.1 6.9 
r Cupronickel 19 70/30 hard-drawn; ends annealed 19 5.3 1.9 0.5 0.4 
Cupronickel 26 70/30 full anneal; A.S.T.M. specification 
Admiralty 22 20.7 60.8 34.5 25.3 
* Admiralty 21 ~=Annealed; 0.015 mm grain size 23 20.1 45.4 32.9 12.5 
t Admiralty 22 nnealed 24 9.8 16.3 10.1 6.2 
i Admiralty 23 ‘Annealed; black skin 25 19.0 67.4 60.2 = 
La Admiralty 24 ~=Relief anneal; ends annealed 26 9.7 2.8 2.0 0.8 
a Admiralty 25 Full anneal; A.S.T.M. specification 27 3.6 9.9 3.3 6.6 
EY Bronze 30 Hard-drawn 30 29.8 9.0 0.9 8.1 
id TABLE 4 COMPOSITION OF MATERIALS SUPPLIED od 
ther 
be Material Copper Tin Aluminum Zine Nickel elements 
Aluminum brass 75% min 1.25% max 1.75-2.50% Remainder. ..... Small 
Cupronickel Remainder 1.50% a0 29-33% Small 
Cupronickel Remainder 1.00% max_........ « 23 Small 
Admiralty metal min Remainder ........ Small 
Bronze 88% 4.00% Lead 4.00% Small 
= 
* TABLE 5 ARSENIC CONTENT OF ALUMINUM-BRASS TUBES 
sy Tube number...... 1 2 3 4 5 6 7 
BS Arsenic, per cent... 0.031 0.011 0.037 0.006 0.006 0.061 0.071 
Tube number...... 


8 9 10 12 13 14 15 
. Arsenic, per cent... 0.067 0.050 0.044 0.044 0 037 0.045 0.040 
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jected to the corrosion tests. The results of these tests are given 
in Table 6 and Fig. 2. 

In presenting the results of the tests in Table 6, percentage of 
elongation has been reported for each tube as submitted and 
after being subjected to service in the experimental condenser. 
Decrease in elongation, if any, is indicated for each tube. Ten- 
sile values are reported only as percentage loss in tensile strength, 
the percentage loss being based on the decrease in the breaking 
load for the corroded specimen as compared with the break- 
ing load for the same tube but not subjected to the condenser test. 
The percentage decrease in tensile strength presumably repre- 
sents the extent to which the effective cross section of the tube 
has been reduced by the corresion. This may be due to a gen- 
eral or a local reduction in the cross-sectional area. 

Although the tests were made on only one tube of each type 
before and after the corrosion tests, a check of the relative order 
of corrosion resistance, based on the amount of decrease in tensile 
strength, gives, with a few exceptions, a confirmation of the rat- 
ings obtained from the corrosion tests. 

It is also interesting to note that with but one exception the 
percentage decrease in tensile strength of the aluminum brasses 
which showed so favorably in the corrosion tests was slight, rang- 
ing from 2.8 to 6.1 per cent. Excluding the No. 1 tube, the alu- 
minum brass gives the lowest average loss for the different types 
of material which were tested. 


Corrosion TESTS 


The corrosion tests were considered to be the tests of out- 
standing importance in the selection of the tube material for the 
proposed condenser installation. These tests were of two types, 
one, the impingement test, and the other what is known as the 
condenser test. Of these two tests, the condenser test is the one 
which is considered to be of prim&ry importance, although the 
impingement test checks, to a surprising degree, the findings re- 
sulting from the condenser test. 


IMPINGEMENT TEST 


The impingement test was conducted by spraying water at 
between 90 and 110 F against the inner surface of split-tube 
samples. The diagram of the test equipment is shown in Fig. 1. 
On the completion of the test run, the tubes were given a visual 
examination. They were found to fall into three 
classes. The first class, and the one least resist- 
ant to corrosion, was made up of all those tubes Tube 
in which the corrosion took the form of a localized Rating —_No. 


deep-pitting attack. Tubes 18, cupronickel, and 1 a3 
24, admiralty, shown in Fig. 5, illustrate this *14 
type of attack. The second class, medium to 2 : 
fair corrosion resistance, consisted of those tubes 21 
on which the attack was more general or the 2 
pitting less pronounced than was the case with 3 - 
the tubes in the first class. Tube 6, aluminum 22 
brass, shown in Fig. 5, is illustrative of this : 
group. The third class, or the group most re- 7 
sistant to the impingement attack, was made up 4 115 
of all those tubes in which the surface showed 4 
no appreciable roughening, or in which, if pits 19 
were present, they were very small. Tube 13, 4 
aluminum brass, is illustrative of this group. 4 

As a means of arriving at a somewhat more . ef 
definite rating of the resistance of the various " 4 


tubes to the impingement attack, measurements 
were made of minimum wall thickness at the 
point of maximum corrosion for each tube. 9 {24 
While micrometer measurements were made, the 

final basis was arrived at by sectioning and polish- 
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ing cross sections through the corroded areas. 
measured at 100 magnifications. 


7 and Fig. 3. Ratings have been set up on an arbitrary basis in 


Fie. 5 Specimens From IMPINGEMENT TEST 


a Tube 18, cupronickel; localized deep pitting 
b Tube 24, admiralty; localized deep pitting 

ec Tube 6, aluminum brass; general roughening with shallow pitting 
d Tube 13, aluminum brass; very slight attack 


These were then 


The results are given in Table 


which maximum resistance is indicated as 1, and minimum 9. 
Representative minimum wall sections for groups 1 and 2, best 


corrosion resistance; group 5, intermediate corrosion resistance; 
and group 9, least corrosion resistance, are shown in Fig. 6. 

An examination of the results, as given in Table 7, shows that 
no one material behaved consistently throughout the test unless 
it be the cupronickel, which did not show to any particular ad- 
vantage. Aluminum-brass and admiralty tubes are both found 
in the one and two groupings, or those showing greatest resistance 


TABLE 7 RESULTS OF IMPINGEMENT TESTS 


Min wall 
thickness, Type of corrosion 
Material Condition in, attack 
Al brass Relief and end anneal 
Al brass Relief and end anneal> 0.051-0.049 Very slight; small pits 
Al brass Hard-drawn 
Al brass Annealed 
Al brass Hard-drawn 0.048-0.047 Very slight; small pits 
Admiralty Annealed 
Hard-drawn 
Al brass End annealed ; 
Al brass Hard-drawn 0.046-0.044 Slight; pits increasing 
Bronze Hard-drawn 
Admiralty Annealed 
Al brass Annealed 
Al brass Hard-drawn Varies from general 
Al brass Hard-drawn roughening to ten- 
Al brass Annealed dency for fairly large 
Al brass Annealed 0.043-0.040 shallow pits 
Admiralt Annealed 
Cupronickel Annealed 
Cupronickel MHard-drawn 
Cupronickel Hard-drawn 
Al brass Hard-drawn ; 
Al brass Annealed Attack more localized 
Al brass Hard-drawn 0.037-0.035 with increasing depth 
Admiralt Annealed of pits 
Cupronickel Annealed 
Admiralty Annealed 0.025-0.023 Attack more localized 
with increasing depth 
of pits 
Admiralty Annealed Attack more localized 
Admiralty Relief and 0.016-0.014 with increasing depth 
end annealed of pits 


* 14 and 27 from same tube. 
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Group 1 X75 Group 2 X75 
a Group 5 X75 Group9 X75 
Fic. 6 Representative Cross Secrions or Grours From ImpincemEnt Tests, TABLE 7, SHowinG NaTURE AND 
Extent oF RepvuctTIoNn 
4 to impingement corrosion. Both are again found in the interme- _ sistance to impingement corrosion. Still more questionable than 


; diate groupings. Admiralty, but not aluminum brass, is also the wide variation shown by the admiralty tubes was the per- 
4 found in group 9, that is, tube materials showing the least re- formance of tube samples 14 and 27, both of which are from the 
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same tube, aluminum brass. Section 14 showed no measurable 
wall reduction, while section 27 showed roughly a 25 per cent de- 
crease at the point of maximum corrosion. 

Aluminum brass was found to have performed about equally 
well in the impingement test, whether it was in the hard-drawn or 
in the annealed condition. Of the aluminum brasses in groups 
1 and 2, good corrosion resistance, three are annealed and two 
are hard-drawn. In group 5, showing roughly a 25 per cent re- 
duction in wall thickness by pitting, two of the aluminum brasses 
were hard-drawn and one was annealed. In the same way, the 
tube materials of the individual manufacturers showed no definite 
tendencies consistently favoring annealed or hard-drawn alumi- 
num brass. 

Conclusions that may be drawn from the results of the im- 
pingement tests are: 

1 Under the conditions set up in the test procedure, aluminum 
brass, from a general average standpoint, is superior to all other 
materials. 

2 The resistance of the aluminum brass to impingement cor- 
rosion is of the same order, whether in the hard-drawn or the 
annealed condition. 

3 Admiralty metal, from a general average standpoint, is 
inferior to all of the other materials. 

4 The black-skin treatment of the admiralty metal is not ef- 
fective in increasing the resistance of the metal to impingement 
corrosion. 

5 Maximum resistance to impingement corrosion is not de- 
pendent upon any single factor, but embodies the combined ef- 
fects of composition and manufacturing procedure. 


CoNDENSER TESTS 


The condenser-corrosion tests were made on a miniature con- 
denser which is shown diagrammatically in Fig. 1. Four different 
grades of tubes were placed in the condenser, namely, tubes of 
the type known as aluminum brass, cupronickel, admiralty, and 
one bronze tube consisting of 88 per cent copper, 4 per cent zinc, 
4 per cent tin, and 4 per cent lead. The water velocity was 7 
fps. The tubes were heated from the blowdown system of a 400- 
pound boiler. The temperature of the condensing water taken 
from the river, ranged from 35 F to 80 F. The test was of ap- 
proximately 22 months’ duration with but one serious interrup- 
tion which was for a period of about one month. 

On the completion of the test run, the tubes were removed from 
the condenser and examined for the purpose of determining the 
extent to which corrosion had taken place. 

As it appeared desirable to run certain tests on the tubes from 
the condenser for comparison with the tube material which had 
not been subjected to the experimental run, it was not feasible 
to split the tubes longitudinally. In consequence, sections of 
each tube approximately one inch in length and from five different 
positions were obtained. This procedure not only made it pos- 
sible to obtain a reasonable accurate survey of the extent of the 
corrosion, but also made it possible for material to be secured for 
the mercurous-nitrate and the various physical tests. The loca- 
tions of these various sections are shown in the upper diagram in 
Fig. 2. 

Corrosion-Resistance Condenser Test. The one-inch sections 
were examined under a low-power binocular to determine the 
nature and extent of the corrosion. Using the arbitrary arrange- 
ment scheme followed for the impingement-test rating, a com- 
parison was made, first of the sections within any tube, and then 
on the basis of sections from corresponding positions in all tubes. 
As before, minimum corrosion was rated as 1 and maximum as 9. 
Depth of penetration of attack, rather than extent to which at- 
tack was general, was used as a basis for the ratings. Thus, a 
single pit of appreciable depth would rate the corrosion resistance 
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lower than a general attack of little penetration. Micrometer 
readings of wall thickness, and also metallographic measurements, 
were made where any question existed as to the extent of a general 
corrosion attack. Examination was also made of the ends of the 
adjoining sections in checking final ratings. Inasmuch as the 
end sections A and F always showed lower degrees of corrosion 
than the sections from any of the other positions, they were elimi- 
nated in the final ratings and do not appear in any of the tabu- 
lations. 

Table 8 and the upper-rating diagram in Fig. 2 give the results. 

Loss-in-Weight Condenser Test. An analysis of the extent of 
the corrosion was also made on six-inch center sections from each 
of the tubes in question. The results are given in Table 9 and 
in Fig. 2. 


CorROSION-RESISTANCE COMBINED RATING 


As a means of correlating the various ratings made on the 
basis of the results of the impingement test and the experimental 
condenser test, a combined rating was set up. The ratings de- 
termined by the impingement test have been given a rating of 1; 
the ratings from the loss of weight on the six-inch sections, a rat- 
ing of 1; and the ratings from the corrosion-resistance condenser 


TABLE 8 EXPERIMENTAL CONDENSER TEST—RATED ON 
BASIS MAXIMUM CORROSION SHOWN AT ANY SECTION 
Rating Tube Material Condition 
1 8 Al brass Annealed 
6 Al brass Hard-drawn 
2 2 Al brass Hard-drawn; end annealed 
5 Al brass Annealed 
12 Al brass Hard-drawn; relief anneal 
3 7 Al brass Hard-drawn 
10 Al brass Annealed; Snead E 
1 Al brass Hard-drawn 
14 Al brass Hard-drawn 
27 Al brass Hard-drawn 
4 15 Al brass Annealed 
4 Al brass Annealed 
9 Al brass Hard-drawn 
19 Cupronickel Hard-drawn; end annealed 
5 13 Al brass Annealed 
6 (33 black skin 
26 Cupronickel Annea 
20 Admiralty 
> 21 Admiralty Annealed 
22 Admiralty Annealed 
25 Admiralty Relief annealed; end annealed 
8 (38 Cupronickel Annealed 
25 Admiralty Annealed 
11 Al brass Annealed 
9 17 Cupronickel Annealed 
30 Bronze Hard-drawn 


WEIGHT LOSS as PER CENT IN EXPERIMENTAL 
ASED ON 6-INCH SECTION FROM 
DDLE OF TUBE 


ABLE 9 
CONDENSER-TUBE 


Loss, 
Rating percent Tube Material Condition 
1 {}- 18  Cupronickel 
8 Aluminum Annealed 
2 th 7 Aluminum brass Hard-drawn 
1 Aluminum brass Hard-drawn 
6 Aluminum brass Hard-drawn 
14 Aluminum brass Hard-drawn 


3 15 Aluminum brass Annealed 

27 + Aluminnm brass Hard-drawn 

2- Aluminum brass Hard-drawn; end annealed 
4 10 Aluminum brass Annealed 

5 Aluminum brass Annealed 

12 Aluminum brass Relief and end annealed 

Aluminum brass Annealed 

5 4 Aluminum brass Annealed 


9 Aluminum brass Hard-drawn 


19 Cupronickel 
24 Admiralty 


Hard-drawn; end annealed 
Relief annealed; end annealed. 


21 Admiralty Annealed 
17. Cupronickel Annenied; Snead A 
7 20 Admiralt Annealed 
26 Cupronickel Annealed 
8 22 Admiralty Annealed 
23 Admiralty Annealed; black skin 
11 Admiralty Annealed 
9 25 Admiralty Annealed 
30 


Hard-drawn 
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TABLE 10 COMBINED RATING OF CONDENSER-TUBE MATERIAL 


1(X) 
Experimental condenser 

oss in weight (6-in. section). . 1(Y) 

Maximum corrosion... 2(Z) 


+ 


Tube Material 

Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 


Rating 


te 


oo 


Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
Aluminum brass 
19 Cupronickel 

26 Cupronickel 

18 Cupronickel 

21 Admiralty 

20 Admiralty 

22 Admiralty 

23 Admiralty 

24 Admiralt 

17 Cupronickel 

25 Admiralty 

30 Bronse 

11 Admiralty 


Ow 


o 
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Microstructure 
Fine grain; 90% recrystallized 
Cold-worked; elongated grains 
Cold-worked; nonuniform grain size 
Nonuniform grain size 
Cold-worked; elongated grains 
Small to medium grain size 
Cold-worked; elongated grains; non- 
uniform 
Similar to structure of 8 
Small grain size; uniform 
Cold-worked; elongated grains 
Nonuniform grain size 
Cold-worked; elongated grains 
Small grain size 
Small grain size 
Small grain sise 
Small grain size 
Small grain size 
Medium in size 
Small 
Small grain sise 
Partial recrystallization 30% 
Medium grain size 
Medium grain size 
Cold-worked; elongated grains 
Small grain size 


Tubes 3 and 16 are not included in the rating in that both were removed in early stages of test. 
Tube 27 ran only 4713.5 hours, but made a poe showing than tube 14, which ran the full 


test period. Tubes 27 and 14 were cut from t 


e same original tube. 


test, a rating of 2. The data are given in Table 10 and in 
Fig. 2, headed “‘Corrosion-Resistance Combined Rating.” 

Certain conclusions may be drawn on the basis of the combined 
rating for the materials tested and the particular conditions simu- 
lated by the test procedure: 

1 Aluminum-brass tubes are superior to admiralty, cupro- 
nickel, and the bronze tubes. 

2 Cupronickel tubes are on a par with, or superior to, the 
best of the admiralty tubes. 


3 The condition in which the tube is furnished, that is 
whether it be in the hard-drawn or annealed condition, is not in 
itself the determining factor as to whether or not it has good or 
poor corrosion resistance. 


METALLOGRAPHIC EXAMINATION 


As indicated in the discussion of the results of the impingement 
and condenser-corrosion tests, there appears to be little, if any, 
definite tie-up between variations in microstructure and corrosion 


Photomicro; aphl x250 

Tube 14 (27) impingement test 
rating for tube 14 is 1 and for rating 5 
tube 27 is 5 


Photomicrograph 2 XX 250 
Tube 1 impingement test 


Photomicrograph 3 X75 
Tube 2 impingement test rating 3 


Fie. 7 CHARACTERISTIC MICROSTRUCTURE FOR Cotp-DrRawNn ALUMINUM Brass 
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Photomicrograph 4 X 250 

Repfesentative of tubes 8 and 15 

ao ~ “prea not 100 per cent com- 
plete 

Impingement test ratings 2 and 4 


Photomicrograph 5 X75 

Tube 4, recrystallization complete 
Small uniform grain size 
Impingement rating 5 


Fig. 8 CHARACTERISTIC STRUCTURES FOR ANNEALED FINE-GRAINED ALUMINUM BRASSES 


Photomicrograph 6 X75 
Representative of tubes 21 and 11 
Small uniform grain size 
Impingement test ratings 2 and 9 


Photomicrograph 7 X75 
Representative of tubes 20 and 25 
Medium grain size 

Impingement test ratings 4 and 5 


Fic. 9 CHARACTERISTIC STRUCTURES FOR ADMIRALTY 


resistance. As a check on this apparent lack of relationship be- 
tween microstructure and corrosion resistance, a metallographic 
examination was made of sections from the original tubes, the 
impingement specimens, and the condenser test-tube specimens. 

Of the 14 aluminum-brass tubes tested in the impingement test 
(27 is a part of 14), seven were furnished in the hard-drawn condi- 
tion and seven in the annealed condition. Variations in the mi- 
crostructure of the hard-drawn material appeared mainly as 
variations in the grain size or in the uniformity of grain size pre- 
vious to the final drawing operation. Characteristic variations 
for the hard-drawn aluminum brass are shown in Fig. 7, photo- 
micrographs 1, 2, and 3. Of the annealed aluminum brasses, 
variations in microstructure ranged from incomplete recrystalli- 
zation to appreciable grain growth. 

Photomicrograph 4 of Fig. 8 illustrates the slightly less than 100 


per cent recrystallized condition of tubes 8 and 15. Impinge- 
ment and condenser tests place tube 8 as one of the best, if not 
the best, and tube 15 as one of the poorer or low-ranking alumi- 
num-brass tubes, yet microstructures are for all practical pur- 
poses identical. Photomicrograph 5, Fig. 8, shows a microstruc- 
ture with recrystallization 100 per cent complete and a slight 
grain growth. This small uniform microstructure which is char- 
acteristic of tube 4 is definitely one of the low-ranking aluminum- 
brass tubes. A check of the corrosion resistance of this tube 
against tube 27 (the second half of tube 14) shows that this tube, 
possessing a small uniform annealed microstructure, gives the 
same corrosion resistance as tube 27, which possesses a character- 
istic cold-drawn microstructure as illustrated in photomicrograph 
1, Fig. 7. Tubes 14 and 27, halves of the same tube and possess- 
ing the same cold-drawn microstructure, behave uniformly i? 


| 
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the condenser test, but vary widely in the impingement test 
probably as a result of surface conditions. 

Cold-drawn aluminum brasses of three different producers are 
represented by photomicrographs 1, 2, and 3, Fig. 7, showing 
microstructures for the original 14, 1, and 2 tubes, respectively. 
No apparent relation exists between the microstructure for these 
three tubes and their corrosion resistance. 

Similar variations or lack of any direct relation between mi- 
crostructure and the corrosion resistance were also found for the 
Admiralty metal which was represented in the tests by seven 
tubes. All admiralty tubes were furnished in an annealed con- 
dition and varied from the small uniform grain size of photomi- 
crograph 6 of Fig. 9 to the medium grain size of photomicrograph 
7, Fig. 9. The small uniform microstructure of photomicrograph 
6 was found in tubes 21 and 11, or the tubes making the best and 
poorest showing in the impingement test for the tubes of this 
type. Tubes 21 and 11 were not made by the same producer. 
The maximum grain size for the admiralty tubes is shown in 
photomicrograph 7, Fig. 9, representative of tubes 20 and 25. 

Owing to the small number of cupronicke! tubes in the test 
and their generally unsatisfactory performance, no photomicro- 
graphs of these tubes are included in this paper. The same also 
holds for the bronze tube. 


CONCLUSIONS 


On the basis of the particular conditions pertaining to this 
specific investigation, the following conclusions may be drawn: 

1 Aluminum brass, for the specific water conditions under con- 
sideration, is superior in its corrosion resistance to cupronickel, 
admiralty metal, and bronze. 

2 Microstructure, as such, does not appear to be a controlling 
factor. A hard-drawn or an annealed material may show equally 
good corrosion-resistance properties. 

3 Cupronickel, admiralty, or bronze tubes are not suitable 
for use under the proposed water conditions. 

4 Internal stresses of an order to produce cracking, under the 
conditions of the standard A.S.T.M. mercurous-nitrate test, do 
not necessarily decrease the corrosion resistance of the tubes, nor 
does their absence necessarily increase the corrosion resistance. 
It should not be inferred from this conclusion, however, that tubes 
skould be furnished under such conditions of internal stress that 
they will crack in the mercurous-nitrate test. It is realized that 
expanding tubes in the tube sheets produce local stresses at these 
points but it is felt to be the lesser of two evils. 

5 Arsenic, while present in some degree in all aluminum- 
brass tubes, does not appear to be, in itself, a controlling factor. 
A content of 0.01 and one of 0.07 per cent, when properly asso- 
ciated with other factors, gives equally good results. 

6 Phosphorus in traces was found in all of the top-rating 
aluminum tubes. Its presence or absence does not appear to be a 
controlling factor. 

7 Proper manufacturing procedure is, beyond any question 
of a doubt, an important factor in the production of highly corro- 
sion-resistant aluminum-brass tubes. 
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Discussion 


F. L. LaQue‘ anv C. A. Crawrorp.‘ It is always a problem to 
choose the proper material for condenser tubes which are to oper- 


* Development and Research Division, The International Nickel 
Company, Inc., New York, N. Y. 


ate with a cooling water with which there has been no previous 
experience. The authors describe an interesting attack on this 
problem which presumably resulted in the choice of a satisfactory 
tube material for the particular installation in which they were 
interested. 

Since a similar technique might be applied in other cases, it 
would seem to be desirable to make a critical appraisal of the test 
methods in the light of available data from other sources and 
practical experience with the materials under consideration. 

The most surprising feature of the test results was the relatively 
small difference in ratings between the 70-30 copper-nickel-alloy 
tubes and the admiralty tubes installed in the exerimental con- 
densers. There have been fewer opportunities to compare the 
copper-nickel alloy with aluminum brass, but it may be said that 
test results and practical installations have shown that the cop- 
per-nickel alloy should not regularly be rated below aluminum 
brass. 

The failure of these test results to coincide with such general 
experience may have been due to such causes as the following: 

1 Some peculiar characteristic of the water. In this connec- 
tion, it would increase the usefulness of the test results if the au- 
thors could supply a typical analysis of the water. 

2 Effects of minor constituents in the tubes. Research 
abroad, and more recently in this country, has shown that the 
performance of the 70-30 copper-nickel alloy may be influenced 
to an important extent by such minor constituents as manganese, 
iron, zine, and carbon. It is not suggested that this was an im- 
portant factor in the present tests, nevertheless, in order to corre- 
late these test results with other studies along the same line, we 
would be pleased if the complete analysis of the copper-nickel 
tubes could be reported. If such analyses are not available, we 
would appreciate the opportunity to have analyses made, using 
any portions of the test tubes which may still be available. 

Through the kindness of the authors of the paper, an opportu- 
nity was provided to make chemical analyses of sections taken 
from the copper-nickel alloy tubes which were included in the 


tests. These analyses yielded the following results: 
Composition 

Tube no. Cu Nie Fe Si Mn Cc Zn Sn 
16 69.30 29.8 0.22 <0.01 0.42 0.045 0.13 <0.01 
17 69.09 30.3 0.04 <0.01 0.38 0.050 0.05 <0.01 
18 72.61 24.2 0.15 <0.01 0.42 0.045 2.55 <0.01 
19 68.81 30.6 0.037 <0.01 0.48 0.045 <0.01 <0.01 
26 68.62 30.8 0.032 <0.01 0.49 0.045 <0.01 <0.01 


By difference. 


Consideration of these analyses with particular reference to iron 
contents shows that of the 30 per cent nickel alloys for which data 
were given in the paper all contained very small percentages of 
iron. This is especially significant in view of results of research 
both in this country and abroad which have shown that the re- 
sistance of the 70:30 copper nickel alloy to corrosion by salt water 
is improved to a very considerable extent when the iron content 
is raised to 0.3 per cent or more. Consequently, the results of 
tests on these very low-iron-content alloys are probably not in- 
dicative of what can be expected from similar alloys having sub- 
stantially higher iron contents. ; 

3 Nature of the corrosive attack. It is not clear from the nu- 
merical results of the test and the description of the nature of the 
attack, that the types of corrosion which occurred in the experi- 
mental condenser, and upon which the materials were rated, 
were characteristic of those which most frequently lead to failures 
of condenser tubes. 

For example, there apparently was very little inlet-end erosion, 
even in the admiralty tubes, since it was reported that the end 
sections (A and F) of the tubes suffered the least attack. Like- 
wise, there was no mention of dezincification, either general or of 
the plug type. 
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It is possible, therefore, that the ratings of the tube materials 
on the basis of the types of corrosion which occurred under the 
particular conditions associated with these tests would not apply 
to service in condensers where inlet-end erosion or dezincification 
are the principal factors determining the life of the tubes. 

4 Duration of the test. So far as the 70-30 copper-nickel 
alloy and aluminum-brass tubes were concerned, it appeared that 
the test had been terminated before either material had ap- 
proached the point of failure. In this connection, it would be 
interesting to learn the actual values of the maximum depths of 
attack of the various materials that formed the basis for the rat- 
ings in Table 8 of the paper. This point is especially important 
in so far as the comparison of copper nickel with aluminum brass 
is concerned. In reporting on British experience, R. May‘® 
stated: 

“At present the cupronickel must be looked upon as the most 
reliable as regards pitting, and it achieves this distinction not by 
a complete resistance to pitting, but by the fact that any pits 
which start tend to widen rather than deepen, so that they de- 
velop into small areas of comparatively shallow attack which 
easily become stifled by the formation of a new protective film. 
Aluminum brass, on the other hand, probably resists the start of 
pitting rather better than the cupronickel but, in abnormally cor- 
rosive conditions, the pits tend to deepen without becoming 
wider.” 

These effects were illustrated by the results of the “impinge- 
ment’’ tests reported in Table 7 where the 70-30 copper-nickel 
specimens apparently developed fairly large shallow pits, whereas, 
the pits on the aluminum brass varied from small pits to pits of 
increasing depth, which reached a maximum in the case of speci- 
men No. 27 which, as noted by the authors, was pitted very much 
more than specimen No. 14 from the same tube. 

It is possible that the shallow pitting on the 70-30 copper- 
nickel tubes was proceeding at a decreasing rate and that, if the 
test had been prolonged, the relative performances of these alloy 
tubes would have been better. 

5 Nonuniform distribution of water in the experimental con- 
denser. It is a well-known fact that the forces responsible for 
tube deterioration may vary from point to point in a condenser 
due to differences in water velocity, turbulence, and the release of 
dissolved gases. This subject has been discussed in considerable 
detail in recent papers.*’ Among the features of the condenser 
design that may influence tube performance are the design and 
location of the water-inlet nozzle and the water box. In the 
present case, the installation of the horizontal and vertical bar- 
riers in the water box could hardly be expected to favor uniform 
conditions of water flow through the several tubes. For example, 
the installation of only 5 tubes in the '/,-condenser-box section 
containing the copper-nickel tubes, as compared with 15 tubes in 
the '/, section containing the aluminum-brass tubes, tended to 
favor a higher velocity of flow and greater turbulence in the cop- 
per-nickel tubes. It is difficult to estimate the probable extent 
of this effect without more detailed information as to the dimen- 
sions of the water box and inlet nozzle. Also, it seems likely that 
the vertical barrier between the copper-nickel and admiralty 
tubes was the source of extra turbulence in the lower half of the 
condenser. 

The advantage of the barriers in preventing water from coming 


5 “Condenser Tube Corrosion—Some Trends of Recent Research,” 
by R. May, Trans. Institute of Marine Engineers, vol. 49, 1937, pp. 
171-176. 

€“The Prevention of Failures of Surface Condenser Tubes,’’ by 
R. E. Dillon, G. C. Eaton, and H. Peters, Trans. A.S.M.E., vol. 59, 
1937, pp. 147-150. 

7“Condenser Tube Life as Affected by Design and Mechanical 
Features of Operation,” by A. J. German, Trans. A.S.M.E., vol. 61, 
1939, pp. 125-132. 
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into contact with more than one tube material was probably not 
very great, since the test unit was a single-pass condenser and the 
water could not pass through different materials in series. In 
addition, the mixing of the waters in the inlet and outlet pipes 
completed the electrolytic circuit so that any electrolytic effects 
which may have been present were not prevented by the water- 
box barriers. It is suggested that, if these barriers were to be 
eliminated and the tubes distributed at random, the effect of 
variations in water flow would be reduced. 

Presumably the condenser for which these tests were made was 
equipped with aluminum-brass tubes. If experimental lots of 
the other materials included in the preliminary tests were placed 
in the condenser, it would be interesting to compare the perform- 
ance of all these materials in the actual condenser with their per- 
formance in the experimental condenser. 


F. P. Farrcuitp.2 The problem cited had to do with a con- 
densing water of unknown characteristics so far as any actual ex- 
perience with surface condensers is concerned. While some of us 
do not have a problem of condensing water as severe as is involved 
in this paper, water conditions sometimes change rapidly and we 
are often confronted with new problems due to local conditions. 

The writer’s company has used admiralty-metal tubes exclu- 
sively on all surface condensers of the system. Tube life is com- 
paratively long, being 10 to 15 years on the Hackensack and 
Passaic River stations and at least 20 years on the Delaware 
River. Therefore, there has been little incentive to go to more 
expensive metals, at least until their longer life is definitely 
proved. 

On one condenser at the Kearny generating station, on the 
Hackensack River, for some as yet unknown reason there has been 
a case of rapid failure of admiralty tubes by corrosion, possibly 
due to local turbulence or a high-velocity condition. Within the 
last year several makes of admiralty-metal and aluminum-brass 
tubes have been installed in this condenser to determine their 
relative life. Indications are that aluminum brass shows no 
pitting or corrosion in 1 year of service, whereas, all the Admiralty 
tubes are excessively corroded. It appears, therefore, that alu- 
minum brass is a better metal than Admiralty for this particular 
condenser and water condition. 


F. E. Foster.’ In sharp contrast with England and Germany, 
the number of publications in this country dealing with the prob- 
lem of condenser-tube corrosion has been relatively few. The 
problem of condenser-tube failure even now is far from being 
solved, although causes and effects of many forms of tube failure 
are quite well understood. It is gratifying, therefore, that a step 
has been taken by the authors in the form of an investigation on 
a semiplant scale into the behavior of certain common alloys 
used in surface condensers. «They have recognized the necessity 


for treating a particular project as a unique problem. Experience . 


has shown that in most cases the selection of a particular alloy is 
dependent to a large extent upon the quality of the circulating 
water to be used. Needless to say, improper condenser design 
can destroy the benefits of a high-grade expensive alloy. 

After carefully considering this paper and bearing in mind the 
aims and reservations presented by the authors, it would seem 
desirable for them to give some further explanation of certain of 
their statements and of the conclusions which were deduced from 
the data. 

Their statement: “The liberation of corrosive gases within 
condenser tubes, owing to the increase of temperature and the re- 


’ Chief Engineer, Electric Engineering Department, Public Service 
Electric and Gas Company, Newark, N. J. Mem. A.S.M.E. 

* Metallurgist, Consolidated Edison Company of New York, Inc.. 
New York, N. Y. 
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duction of pressure, is a principal cause of tube deterioration,” 
seems somewhat faulty. Corrosive gases which are no longer in 
solution in water would seem to be far less detrimental to a tube 
than when these gases, be they ammonia, hydrogen sulphide, or 
sulphur dioxide, are in solution. If the authors are referring, 
however, to the mechanical effects of entrained gases, then almost 
any gas, active or inert, would cause active tube destruction under 
certain conditions. It is pertinent to mention at this point that 
the general consensus of opinion is that the pitting of the inlet end 
of tubes as the result of entrained gases is the most prevalent 
cause of tube failure. 

The authors endeavored to duplicate in their test apparatus 
the conditions actually existing in a working condenser. This 
would imply that, in their miniature condenser, the control of 
entrained air, water velocity, and flow conditions in the inlet 
water box had been effected. The apparatus as shown and de- 
scribed is an excellent attempt but appears to meet only partially 
these requirements. Although details respecting the appearance 
of the tubes after removal from the test condenser are scanty, 
the fact that the tube ends were in better condition than the cen- 
ter section bears out this contention. Also there is a possibility 
of a preferential action in certain parts of the test condenser as a 
result of the barriers which had been built into it. In addition, 
it would have been helpful if they had made a determination of 
the entrained air in the water supply. 

The impingement test that has been described here can best 
be referred to as an accelerated erosion test and, therefore, is sub- 
ject to all of the shortcomings o/ this kind of testing. 

It is interesting to note that the authors conclude that 70-30 
cupronickel tubing is excelled by aluminum brass with respect to 
impingement resistance. Cupronickel is generally considered, 
both on the basis of extensive laboratory work and upon service 
histories, to have the best impingement properties of any of the 
alloys studied. One of the unique characteristics of cupronickel 
is its tendency to form wide shallow pits rather than a deep pene- 
trating type usually found. The erratic behavior of certain of 
the samples in the impingement test, referring to tubes Nos. 11, 
21, 14, and 27, may have been the result of inadequate control of 
the jet velocities, the amount of entrained air, or the shape of the 
jets. The least likely cause is to be found in variations in the 
microstructure or composition of the alloys. 

While the authors point out that their results obtain only for 
the conditions of their particular test setup, the conclusion that 
the degree of induced strain has no effect upon corrosion resist- 


ance of the alloys is contrary to all available information relating ° 


to the theory of corrosion. 


G.C. Hotper.'® The authors of this paper have undertaken a 
most difficult problem, choosing, as they did for their experiment, 
a locality where the water is very bad and presenting evidence 
which has always been controversial. 

Surface condensers are most important in attaining economical 
steam generation. Since the tubes are a vital part of this equip- 
ment, it is extremely essential that every effort be made to choose 
the proper material. This, the authors have attempted to ac- 
complish. 

There are many other factors in addition to the choice of mate- 
rial which have a definite bearing on the life of condenser tubes; 
such as retention of protective deposit on the surface, the amount 
of air and other gases entrained in the water. Fortunately the 
improvements in condenser water-box design and more efficient 
pumps have greatly reduced corrosive influences. All these are 
conditions over which the tube manufacturer has no control and no 
manufacturing procedure will overcome these cumulative effects. 


Chief Chemist and Metallurgist, Foster Wheeler Corporation, 
New York, N. Y. 
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The result has been for the tube manufacturer to produce vari- 
ous modified alloys for which are claimed certain improved quali- 
ties. It would now appear that conservatism is to be a thing of 
the past, as formerly a composition to be accepted had to undergo 
years of trial; aluminum brass underwent test for a period of some 
7 years before being generally recognized by the trade. 

It is most certain that cavitation had a decided bearing on tube 
failure at the inlet end, and that oxyger, carbon dioxide, or 
both must be present to enhance corrosion. Now it would seem 
that the logical thing to do would be to remove an annoyance, or 
at least to curb it, but little has been done along this line. The 
means of doing this is of no importance, whether it be done by 
baffling or other means. The writer has in mind an installation 
of admiralty tubes in a 20,500-sq ft condenser, the circulating 
water being highly polluted and brackish; the pollution consist- 
ing of sewage and heavy chemical industrial waste. The tubes 
showed signs of failure at the inlet end in about 9 months of ser- 
vice. An assembly to reduce cavitation and break up large-sized 
air bubbles was installed and, up to the present, no tubes have 
failed. The condenser has been operating satisfactorily since 
July, 1931. Means taken to overcome the condition might result 
in the use of lower priced tubes with satisfactory service life. 

The data, given in Table 8 of the paper, indicate that, in ratings 
3 and 4, of the aluminum-brass tubes, 6 were hard-drawn and 3 
annealed. The hard-drawn tubes showed greater localized cor- 
rosion than the annealed tubes, and the weight loss was less for 
the hard drawn. However, the fact that pitting is predominant 
is more disturbing than the over-all weight loss. Therefore, an- 
nealed tubes would be preferable and would also reduce season- 
cracking hazards. 

The paper, also, indicates that neither the actual size of the 
grain nor the so-called ‘‘uniformity” of size of the grain are con- 
trolling factors for corrosion inhibition. While this has been a 
widely discussed subject, to the writer’s knowledge, no one has 
ever been able to show that regular grain size inhibits corrosion. 
Nevertheless, it is always a point at issue. Quoting one who has 
been a member of the brass industry for a great many years: “I 
know of no usage in the English language which would permit the 
use of the term ‘regular’ as descriptive of any grain-size photo- 
micrograph that I ever saw.” 

In the course of contact with the industry for some years, the 
writer has examined a number of tube failures and found both 
coarse- and fine-grain structures, or a combination which have 
been in service for both long and short periods. Several years 
ago, a sample of arsenical copper was examined by a disinter- 
ested person; his report follows: ‘‘This tube shows a very definite 
lack of knowledge of proper treatment during the drawing proc- 
ess, but the tubes of this installation have a service record of 18 
years with no renewals. The circulating water is highly con- 
taminated fresh water with high suspended matter.” This person 
was simply following the trend at that time. However, the ac- 
tual service record proved him to be 100 per cent wrong. 

The question of composition is also baffling. Some years ago, 
the writer examined a tube of English manufacture, taken from 
a ship condenser. 

The composition was as follows: 


Per cent 


The microstructure showed an extremely worked condition, 
nevertheless, the records indicated a service life for this tube of 
11 years. It failed then only because of a slug of iron settling 
on the tube. Many more similar cases could be cited. 
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As to the addition of a small amount of some elements called 
“inhibitors” to the present composition to confer certain prop- 
erties, their virtue is problematical as the authors have pointed 
out regarding arsenic content. That these alloys will have in- 
stallations giving excellent service is acknowledged but, unless 
local conditions are favorable, failure too can be expected. 

A point very rarely taken into account in condenser work is the 
installation of tubes, which is by no means perfunctory and 
should be well supervised. 

For coastal installations, the writer personally prefers the use 
of ferrules instead of expanded tubes, the ferrules not to be bell- 
mouthed, but square-shouldered. The reason for this is that any 
floating object passing the ferrule will be small enough to pass 
through the tubes and not constitute a point for ensuing local 
corrosion or partial throttling. 


J.T. Kemp." The authors have made a notable contribution 
to American literature on the subject of condenser-tube evolution 
and usage. It is greatly to be desired that investigations and 
practical experience of this nature be reported generously. The 
experimental work at Providence described is more varied than 
most that has been done elsewhere. The observations have been 
analyzed ingeniously and a striking presentation of the relative 
values of the three alloy types is made. 

The work at Providence confirms earlier and as yet unpublished 
experimental work done by other power engineers and serves to 
give a comparison of the three most prominent alloys on a series 
of arbitrarily numbered scales. The comparisons are significant 
when confined to tube types, especially in so far as the superi- 
ority of the aluminum-brass alloy is demonstrated. The conclu- 
sion that temper of aluminum brass, either hard drawn or an- 
nealed, is not of itself a determining factor in corrosion resistance 
is sound and within our experience. The weight of American 
experience in actual service, however, is definitely on the side of 
the annealed tube. Judged by usage, the annealed tube is fav- 
ored by central-station operators on a ratio of better than 5 to 1. 
In part, this is due to considerations of condenser assembly and 
in part to a factor to which the behavior of hard-drawn sample 
No. 1 in the tensile test is possibly related, namely, an uncertain 
tendency for hard tubes to crack after a lapse of time. This 
tendency can be minimized by an appropriate manufacturing 
procedure but it persists nevertheless. A satisfactory mercurous- 
nitrate inspection test does not assure the user that a few of even 
the best made hard tubes will not crack eventually. This be- 
havior is entirely aside from resistance to corrosion or impinge- 
ment in its many forms. 

In expressing this opinion in regard to sample No. 1, the writer 
is interpreting the report on a basis of metallurgical experience. 
In his opinion, there is little advantage in the hard temper. 
Hard-temper aluminum-brass condenser tubes were first intro- 
duced to American engineers by an aggressive English source. 
Even in the hard temper, the English tubes were so much better 
than admiralty that they were accepted as a standard. The 
earlier American aluminum-brass condenser tubes had to be 
finished similarly to obtain acceptance particularly among marine 
engineers. This condition, however, was not of long duration. 

Comparative tests of different condenser-tube alloys have been 
made by the engineers of a number of power companies. The 
most frequent kind of test has been the insertion of a reasonable 
number of tubes of each of the kinds under consideration in a 
condenser already filled with admiralty and to watch the tubes 
under actual operating conditions. In the United States, tests 
of this kind, involving aluminum brass, date back to 1930 and 
1931, in Baltimore and New York, respectively, and to 1931, on 


11 Sales Engineer, The American Brass Company, Waterbury, 
Conn. Mem. A.S.M.E. 
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the West Coast. Not less than ten such tests have been run or 
are under way at the present time in central stations of major im- 
portance using tidewater for cooling. There have been others 
inland. So far as these tests have been completed or have been 
carried to a point of determining alloy policy, they have all shown 
a superiority of aluminum brass to admiralty. In a few in- 
stances, they have also shown aluminum brass to be superior to 
the cupronickels where the cooling water is seriously befouled. 

Accelerated tests and tests of a large number of specimens, in 
which alloys, finishes, and sources have been compared, have also 
been run elsewhere. Much the same conclusions have been 
reached as are now recorded by the authors. Perhaps the earliest 
of these tests was that conducted by F. R. Knight at Seal Beach, 
beginning in 1931, in which service tests were paralleled by high- 
velocity flow through a chain of short samples. More recently, a 
very complete series of tests has been made in New York by 
Messrs. H. A. Kidder, H. B. Reynolds, and W. Welch, Jr., all of 
the Interboro Rapid Transit Company. We hope that the ex- 
ceptionally complete data of the latter tests may be made public 
in due season. 

It may be opportune to add a few notes on aluminum brass to 
the sketchy historical data in the paper under discussion. Alu- 
minum brass, as we know it, the alloy of 76 per cent copper, 2 per 
cent aluminum, 22 per cent zine was developed in England in the 
years following the first world war. A cooperative and remark- 
ably thorough research was conducted by the British Non-Fer- 
rous Metals Research Association and by the Corrosion Commit- 
tee of British Institute of Metals, with the encouragement of the 
admiralty and the active cooperation of the several English con- 
denser-tube manufacturers. A complete account of this work 
will be found in the Committee’s Annual Reports. 

The alloy quickly became established abroad. We in the 
United States were slower to take it up. At least we may say 
that certain manufacturing difficulties retarded the commercial 
production of aluminum-brass condenser tubes until 1931, when 
the first adequate tube-extruding press to be set up in this country 
went into operation, together with “tube-reducing rolls,” the 
necessary heavy draw benches and up-to-date annealing equip- 
ment. Electric melting, also essential, was established in 
American brass mills prior to that date. The first commercial in- 
stallation of American aluminum brass was made in the steam- 
ship Lebore late in 1930. 

Aluminum-brass condenser tubes were given rigorous testing 
in the laboratories of the company with which the writer is asso- 
ciated from the time the alloy first began to att-act important 
attention abroad. Our early observations on metal of the nomi- 
nal composition were disappointing and led to some erroneous 
conclusions at the time. Continued work however brought to 
light the very important influence of small amounts of a fourth 
element, arsenic, on the behavior of the metal in contact with salt 
water. The English brass industry, by the way, is on a fire- 
refined-copper basis. British condenser tubes in consequence 
and as a rule are arsenical, both admiralty and aluminum brass. 
Once the significance of arsenic was appreciated on this side of 
the ocean, the production of aluminum brass was actively under- 
taken and has proceeded with increasing volume as the merits of 
the alloy have become more generally known. Aluminum brass 
has become the standard condenser tube for all but one of the 
stations on the East River. The first installation in New York 
was about 1000 of the English tubes at Sherman Creek in 1930. 
This was followed by the gradual replacement of admiralty by 
the English tubes at 14th Street over the next two years. Small 
lots of American aluminum brass were put in with the English 
tubes at this station. According to the writer’s latest information 
both are credited with an equal number of operating hours today. 

The use of arsenic was extended to admiralty-metal condenser 
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tubes by the same manufacturer in 1933, and at later dates by 
several other tube makers. Arsenic definitely improved the re- 
sistance of admiralty alloy to the form of corrosion known as de- 
zincification. 

It is a matter of great interest that the tests at Providence were 
run both in simulation of condenser operation in a small heat ex- 
changer and in a jet type of impingement device. The real sig- 
nificance of the latter test may be open to some question. It is 
a difficult thing to maintain a large number of jets of equal inten- 
sity, particularly when the water passing is drawn from a city’s 
harbor. There is, moreover, practically no such sharp erosive 
action as that caused by a jet in the open air in a surface con- 
denser. In fact there is here something of a suggestion that the 
significance of the word “impingement” is misleading when ap- 
plied to condenser-tube wear. Perhaps “erosion’’ would be a 
better word. Even then we must remark on the difference in ac- 
tion of a direct jet and the tangential flow of water entering a 
tube. Of late the thought on the erosive action of water entering 
a condenser tube has put more emphasis on the action of the air 
carried by the water, the formation and collapse of vapor bubbles 
and their influence on the formation and removal of the protective 
surface films on which the durability of a metal is really based. 
An interesting reference on this subject and one which goes a long 
way in explaining the relative behaviors of the several condenser- 
tube alloys is found in a report!? by R. May. 

So much has been said elsewhere than in A.S.M.E. circles in 
favor of the tensile test as a means of evaluating alloys exposed to 
corrosive operating conditions that it is interesting to read of its 
use in Providence and to be informed that the results of this test 
generally confirm the others. 

From the metallurgical angle, it is our opinion that the paper 
leaves a great deal unsaid. There is only the most general refer- 
ence to analyses, arsenic in the aluminum brasses alone being 
given and a passing reference made to the presence of phosphorus. 

It may be that the general conclusions would not have been 
altered by consideration of the complete analyses. Some at 
least were in the investigators’ hands. Other workers in this 
field have paid close attention to composition and have had rea- 
son to think that high, or low aluminum content was significant 
under the conditions of their tests. Space might have been found 
also for typical water analyses or at least the range in salinity, or 
whether there is a tendency toward the acidic side as might easily 
develop in such an industrial center as Providence. 

A recent experience of the writer with the corrosive effect of 
over concentrated boiler blowdown leads also to a question re- 
garding the condition of the exteriors of the tubes in the conden- 
ser test and whether action on the outside might have influenced 
the loss in weight and other figures. 


N. W. Mrrcuetw.'* Interesting results are obtained by the 
authors of this paper using tests which include conditions ap- 
proximating those of actual condenser-tube service. In general, 
the results confirm considerable previous knowledge and opinion 
on the behavior of the condenser-tube alloys tested. It appears 
that, under the conditions of the test in the experimental con- 
denser, impingement attack is the dominating form of corrosion 
encouatered. No dezincification or other form of corrosion is 
noted, and it appears likely that the pitting attack which takes 
place is the result of impingement. It would be interesting to 
ascertain whether the type of pitting is typical of impingement, 
1.e., characterized by horseshoe-shaped pits with nodules of metal 
projecting from their centers. Assuming that conditions in the 


? Eighth Annual Report of the Corrosion Committee, British In- 
stitute of Metals, 1928. 

* Metallurgical Engineer, Chase Brass & Copper Company, Water- 
bury, Conn. 


condenser were favorable for impingement attack, the close corre- 
lation between the results of the corrtsion test and the sepa- 
rately conducted impingement test is to be expected. It should 
be noted, also, that since dezincification apparently does not oc- 
cur, the effect of the addition of elements, such as arsenic and 
phosphorus, would not be shown. 

It is interesting to note that no difference is found in the be- 
havior of annealed and hard-drawn aluminum-brass tubes. This 
confirms our opinions, derived from actual service experience and 
test results. The fact that, in the impingement test, two halves 
of the same tube showed widely divergent results illustrates the 
eccentricity of corrosion phenomena and the difficulty of obtain- 
ing completely convincing results with any limited corrosion test, 
however well conducted. 

The behavior of cupronickel, as shown by the results in the 
paper, is surprising and contrary to the opinion of most people. 
It has been widely believed that cupronickel is a generally superior 
alloy for all-round corrosion resistance, and particularly for im- 
pingement attack. There have been a few reports indicating that 
impingement attack of cupronickel may take place in relatively 
short periods of time and, in view of the widespread use of this 
material by the Navy, it would appear that further experimental 
work should be conducted. 

The authors conclude that proper manufacturing procedure is 
an important factor in the production of corrosion-resistant alu- 
minum-brass tubes. They, however, offer no data whatever to 
substantiate this conclusion, and the method of manufacture of 
the various tubes is not given. If they have in mind that the 
tubes should be free from obvious defects, it is of course agreed 
that a sound tube is desirable. We do not agree, however, that 
the method of manufacturing plays any part in the corrosion be- 
havior of the alloy. According to all our data and experience, 
tubes produced by any one of three or four commonly used meth- 
ods behave identically with regard to corrosion and impingement 
attack, all other things being equal. It is well known, of course, 
that tubes started by any of the common manufacturing methods 
have identical finishing operations, giving no basis for any differ- 
ence whatsoever in the final tube. 


W. B. Price.'* In contact, with salt or brackish circulating 
water, particularly under conditions which result in impingement 
attack on the tubes, aluminum brass, as a condenser-tube mate- 
rial, has been found to give excellent service. The superior per- 
formance of aluminum-brass tubes under the particular test con- 
ditions, cited in the paper, is therefore not surprising and appears 
to be fully substantiated by the test results. The authors also 
report that cupronickel tubes are on a par with, or superior to, 
the best of the admiralty tubes. In recent years, 70-30 copper- 
nickel tubes have come into increasing use where service condi- 
tions are particularly severe and, in many cases, they have given 
5 times the service life of admiralty metal. In this particular 
case, the comparison between cupronickel and admiralty metal 
was based on tests of comparatively few tubes (three 70-30 copper 
nickel, one 80-20 copper nickel, and seven admiralty tubes) 
and might, therefore be misleading. In the writer’s opinion, a 
similar test of a greater number of tubes of both alloys might 
show a definite superiority in the corrosion resistance of copper 
nickel. Incidentally, the single 80-20 copper-nickel tube was at 
least equal in performance to the 70-30 copper-nickel tubes in this 
test, which is contrary to the general experience with these two 
alloys under varied service conditions. Here again, a test of a 
greater number of tubes over a longer period of time would prob- 
ably show a greater difference in the corrosion resistance of these 
two alloys. 


14 Chief Chemist and Metallurgist, Scovill Manufacturing Com- 
pany, Waterbury, Conn. 


é 
. 
| 
| 
| 
] 

3 

- 


528 


The authors have not given any information in regard to the 
type or form of corrosion which was found in their examination 
of the condenser-test specimens. It would be interesting to know 
in this connection, whether dezincification of the admiralty- 
metal specimens was experienced and to what degree. Some in- 
formation was given in the paper concerning the arsenic and 
phosphorus content of the aluminum-brass samples but similar 
information was lacking in regard to the admiralty-metal speci- 
mens. The sole purpose of the addition of a small percentage of 
arsenic, antimony, or phosphorus to condenser-tube alloys is to 
inhibit dezincification of such alloys in service. The presence or 
absence of these elements in the Admiralty-metal tubes under 
test, as well as the extent of dezincification of these samples, 
would be of interest. 

It would be helpful to a better understanding of the subject 
matter of this paper if the authors included an average or repre- 
sentative analysis of the circulating water which was used in the 
tests. 


C. B. Rexgves.'® The author’s conclusion that aluminum 
brass is a superior metal for condenser tubes which are to operate 
under the conditions of their experiment is supported and ex- 
tended to include typical operating conditions on ocean-going 
merchant steamships by experience which the writer’s company 
has had in supplying surface condensers for that service. 

The first condensers which the company made and fitted with 
aluminum-brass tubes as original equipment were put into service 
in late 1931, and 1932. ‘Twenty-one separate condensers, having 
a total cooling surface of 62,000 sq ft are included in that group. 
All twenty-one of these condensers are installed on modern steam- 
ships which have been in regular operation on long ocean voyages. 
Not one of these twenty-one condensers has yet been retubed, nor 
has any of the condensers which the company supplied with 
aluminum-brass tubes at later dates. 

While our records contain instances in which condensers fitted 
with admiralty tubes have operated for the same length of time, 
they form a small minority of the total number of admiralty-tube 
installations, and the conclusion that aluminum brass is superior 
cannot be avoided. 

With regard to the degree of anneal for aluminum-brass tubes 
and the method of securing them in the tube sheets, our practice 
has been to employ relatively hard tubes in accordance with the 
recommendation of the English manufacturers from whom we 
secured the greater part of the tubes used in our earlier installa- 
tions, and to expand them into the tube sheets at both ends to 
give a positive metal-to-metal seating in order to eliminate all 
seepage of salt water into the condensate in accordance with the 
demands of the marine engineers for whom the condensers were 
built. 

Realizing the possibility of setting up dangerous local stresses 
at the tube ends, the following installation methods were de- 
veloped to minimize the amount of cold-working necessary to 
seat the tube tightly. As a first step, close tolerances were es- 
tablished to cover both the outside diameter of the tubes and the 
finished diameter of the reamed tube-sheet holes into which they 
were to be expanded, with the result that the clearance between 
tube and hole was held close to the practical minimum for initial 
placement of the tubes. Then the bore of each tube-sheet hole 
was serrated with shallow grooves for a part of its length so that 
sufficient holding power, against forces tending to pull or push 
the tubes out of the holes together with complete sealing against 
leakage, could be generated with a fraction of the amount of 
rolling required with a plain hole. Operators were given pre- 
liminary training in expanding test tubes into model tube sheets 


15 Condenser Department, Ingersoll-Rand Company, New York, 
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TABLE 11 TESTS ON WATER 


PROVIDENCE, R. IL., OCTOBER 16, 1926 
Intake ~ Temperature, 110 F 


Kick 1-min standard, 
mv mv 
Blackskin admiralty................. 61/2 
Second test on nickel................ 12 83/4 
Discharge Water, Temperature, 80 F 
Plain 8 5 
Low 
Discharge Water, Temperature, 110 F 
Plain ll 9 
Blackskin admiralty................. 2 


Nore: Using distilled water on three samples, needle movement hardly 
ilectric Railway Company, Winchester Street Station, Providence, 
R. I. Witnessed by J. C. Millard, F.L L. Itschner, B. F. Keene, and C. ¢€ 
Evans. 
until examination of their work showed that they had mastered 
the feel and torque of the expanding tools to the extent that they 
would invariably stop the expanding operation as soon as the 
tube was seated, and well before a dangerous degree of cold- 
working was attained. The exceptional life that the tubes in- 
stalled in this way have given in the twenty-one condensers 
mentioned will demonstrate that careful manufacture can be re- 
lied upon to prevent metal failures in the tube ends, resulting 
from expanding operations. 


H. A. Staptes. While it is recognized that the conclusions 
drawn from an accelerated test on condenser tubes or from a 
model or experimental unit are not final, they are at least indica- 
tive and we commend the engineers responsible for this installa- 
tion in attacking their problem in such an intelligent manner. 

This test is of special interest to us for the reason that, in 1925, 
this original problem was taken up with us, as a general fear ex- 
isted in an adjacent powerhouse, that surface condensers could 
not be used in Providence harbor because of bad circulating water. 

On the basis of tests on this water dated October 16, 1926 
(Table 11 of this discussion), we expressed the opinion that, with 
properly designed condensers and using the proper alloy, surface 
condensers could be used. We suggested the installation of a 
model condenser and submitted drawings for such a unit. The 
test condenser was built along the lines we suggested and pre- 
liminary tests were inaugurated. 

It is not possible, in the course of a short discussion, to cover 
completely all aspects of a paper so filled with pertinent facts, and 
we may wish, at a later date, to amplify our remarks but at this 
time we would like to call attention to two significant points 
brought out in the report: 

1 That neither the size of the grain nor the uniformity thereof 
are factors in the corrosion resistance of condenser tubes. 

2 The variation in the percentage of arsenic did not appear 
to be a factor in the rate of corrosion. 

It is a source of deep satisfaction to the writer that we have 
reached a point in the study of corrosion of condenser tubes when 
practically all engineers agree that there are three parts to the 
problem, i.e., the tube, the condenser itself, and the operating 
conditions. 

Today, we find a widespread recognition of the fact that there 
are many factors affecting the life of condenser tubes which are 
not related to the tube itself. The tube manufacturer, however, 
has appreciated the fact that tube quality was one of the variables 
and therefore, has inaugurated improvements in his manufactur- 
ing technique which have resulted in a steady and consistent 


16 oe Bates Copper Products Corporation, New York, N. Y. 
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improvement in the quality of tubes, metallurgically, physically, 
and mechanically, so that there are available today condenser 
tubes embodying a standard of quality impossible to obtain two 
or three decades ago. 

Consider for instance the old practice: Admiralty tubes made 
from cast shells; the alloy melted in pit fires with natural draft; 
small unit melts which resulted in wide variations in analysis and 
quality; cast in iron molds with a built-up core of hay, sand, and 
clay; and, at one time, horse manure mixed with molasses as one 
of the core materials, and cold drawn to the finished size. 

The next step in the improvement of admiralty was the turning 
or machining the inside and outside of the shell casting, also the 
use of the “cupping”’ process. 

Today, this, as well as other tube alloys, are cast in large units 
from electric furnaces under accurate temperature control. Each 
“heat”? is analyzed. The exterior surface of the billets is re- 
moved; the billets are then forged and extruded under high pres- 
sure and the resultant “extruded” tube carefully examined before 
receiving subsequent cold-working and drawing. Dies and tools 
are chrome-plated or made from tungsten-carbide steel. 

Final inspection, as it exists today, on the resultant product is 
so severe, so searching, and of such a high quality, that it is 
doubtful if one tube, manufactured under the methods in vogue 
years ago, would be “accepted” today. Therefore, if tube life 
was wholly dependent upon quality alone, we would not be faced 
with the condenser-tube-corrosion problems which exist today. 

We all recall that in the early days, in the minds of engineers, 
when tubes failed, it was not a prima facie case of bad tubes but a 
conclusive case. 

We sincerely trust that the problem will be approached, in the 
future, to even a greater degree than now, on the basis of an 
analysis of all the facts; that engineers will continue to endeavor 
to design condensers and plan their installations in such a manner 
that the failure of condenser tubes will cease to be a matter of 
such grave concern as it is at present. 


W. R. Wesster."” There is probably no important engineering 
material concerning which there have been as many exparte 
claims, regarding the importance of this, that, or the other com- 
position, treatment, or procedure, unaccompanied by any suf- 
ficient supporting evidence, as is the case with the condenser tube. 

This paper is therefore welcome in that it reports the results of a 
scientific investigation intended to determine facts. It amply 
confirms one already well-established belief, namely, that alu- 
minum brass is superior in corrosion resistance to admiralty metal 
under normal conditions. It does not, however, support another 
belief widely held that cupronickel is superior to both. The com- 
plete accuracy of these tests is, however, open to some question, 
due to wide variation in results from sample to sample. This 
may be because, in all probability, all tubes did not receive an 
identical exposure to the corroding media. On no other grounds 
can the differences observed in the case of tubes of approximately 
the same characteristics be explained, although the law of aver- 
ages would correct this situation as between tubes of widely dif- 
ferent characteristics. 

It is regretted that the opportunity was not embraced to test 
the condenser. This could readily have been done since it would 
have been an easy matter to make sufficient tubes to equip it 
from one casting, all manufacturing operations being controlled 
with extreme accuracy. Should these tubes then have shown as 
wide variations in corrosion resistance, as occurred in the original 
test, it would be difficult to avoid the conclusion that each tube 
had been subjected to a different intensity of exposure. It is 
hoped that the authors will arrange to conduct such a test since it 
would add much to the value of the present paper and might help 


" Bridgeport Brass Company, Bridgeport, Conn. Mem. A.S.M.E. 


to controvert a widely held belief that the causes of unsatisfactory 
performance always reside in the tubes. 

It is noted that the results give no support to the long-held 
grain-size theory which never had any evidence to substantiate 
it, although much to refute it. It is hoped that it is now dead 
beyond resurrection. 

Certain omissions are noted, the addition of which would add 
greatly to the value of the paper, among which are chemical 
analyses of the various samples. This is particularly true of the 
cupronickels as the presence of manganese and iron are known 
substantially to increase corrosion resistance. In Table 4, of the 
paper, the presence of tin is indicated, although this ingredient 
is not normally found in the cupronickels. It is also noted that 
the 20 per cent nickel does not show the poorest performance of 
the nickel tubes although experience indicates that it is markedly 
inferior to the 30 per cent. 

It is questionable whether the impingement test represents 
true impingement attack, as this requires the presence of air in 
quantity. Further, if air were present in the test it would be 
doubtful if it were uniformly distributed from jet to jet. 

In the final summary, conclusion 7 is not supported by any 
data coordinating any manufacturing procedure with any varia- 
tion in performance. It is, therefore, irrelevant to this discussion 
and in addition has no more application to condenser tubes than 
to any other high-grade material. 


AutTHoRs’ CLOSURE 


The discussion of this paper as given by the various contribu- 
tors is much appreciated. 

The discussions by Messrs. LaQue and Crawford relate almost 
exclusively to the findings with respect to the copper-nickel 
tubes. They are at a loss to account for the relatively poor show- 
ing of the tubes of this type in comparison with the tubes of the 
aluminum-brass type. The authors of the paper were equally 
surprised at the results of the test. They expected copper-nickel 
tubes to show an outstanding superiority over the aluminum- 
brass and admiralty tubes. 

Regret was expressed that the composition of the water was 
not given. This was purposely omitted for the reason that no 
one analysis would tell the true story. The cooling water used 
for condensing is virtually at head tide. This means that at 
high tide there would be a tendency for the water to be slightly 
alkaline, although possibly not greatly so because of the small 
rise and fall of the tide at that point, and at low tide the water 
would be slightly acid in character because of the fact that the 
water would be essentially that of the Providence River and its 
tributaries which collect sewage and waste from many of the tex- 
tile plants and communities which lie along their shores. 

The authors agree with the thought that these tests may not 
apply to service in condensers wherein an erosion or dezincifica- 
tion is the principal factor determining the life of the tubes. It 
must be remembered that, in initiating this investigation, it was 
the feeling of the authors that through an impingement and 
condenser test it might be possible to get some idea as to the 
relative merits of condenser tubes of the aluminum-brass and 
admiralty compositions. A few copper-nickel tubes were added, 
with the feeling on the part of all of those concerned in planning 
the test that there would be no question about the outstanding 
superiority of the copper-nickel tubes, though with some doubt in 
the minds of those engaged in the work as to whether or not the 
extra cost of these types of tubes could be justified, especially if 
the aluminum-brass tubes made a good showing. The authors 
are as much disturbed over these findings as are Messrs. LaQue 
and Crawford, for they agree that, in most instances of severe 
service, there is no better tube composition than the copper nickel. 

The rating of the tubes, as given in Table 8 of the paper, was 
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based on actual measurements in most cases, although, where 
there was insufficient material for sectioning, it was based on 


observation. The ratings are as follows: 
Tube no. Depth of pit, in. Tube no. Depth of pit, in. 
1 0.001 15 0.002 
2 0.025 16 No test 
3 Observation 17 0.012, 
4 0.003 18 Observation 
5 0.001 19 Observation 
6 0.002 20 0.004 
7 ~=less than 0.001 21 0.004 
8 0.015 22 0.007 
9 0.002 23 0.013 
10 0.002 24 0.004 
11 0.007 25 0.010 
12 0.001 26 0.006 
13 0.002 27 Observation 
(part of 14) 
14 0.002 30 0.018 


Mr. Fairchild’s comments concerning the experience of the 
Public Service Corporation with condenser tubes at their various 
stations are much appreciated. 

With respect to the comments by Mr. Foster, the authors, in 
their statement, “the liberation of corrosive gases, etc.,” referred 
mainly to the mechanical effects of entrained gases. 

The authors recognize that, in the development of any appa- 
ratus, it is possible continually to make refinements, but these 
refinements take time and are costly. The authors feel that, 
for the purpose of the investigation, the apparatus used was 
satisfactory. 

The authors agree that corrosion resistance should, within cer- 
tain limits, be affected by the degree of induced strain. They 
recognize that the test was not of sufficiently long duration for 
such a finding to be effective and that was why they guarded 
their statement about the effect of strain with the statement that 
their results “obtain only for the conditions of this particular 
setup.” 

The comments of Mr. Holder, with inclusions as to his experi- 
ence, are very helpful. 

The discussion by Mr. Kemp has added materially, in the 
author’s judgment, to the value of the paper. The authors have 
no preference as to whether the water-jet test be described as an 
“impingement” test or as an “erosion” test. They used the 
word “impingement,’’ because they felt it more nearly described 
the type of test. 

It is possible that some further light might have been thrown 
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on the findings by complete chemical analysis of the materials 
used in the test. Personally, however, the authors question if 
such would have been the case. 

Mr. Mitchell questions the propriety of one of the authors’ 
conclusions to the effect that ‘proper manufacturing procedure 
is an important factor in the production of corrosion-resistant 
aluminum-brass tubes.”” The very fact that the aluminum-brass 
tubes as a class did not show the same rating would indicate that 
manufacturing procedure is an important factor, especially so 
since these tubes came from various concerns. Also, since the 
paper was written the authors can state from first-hand experience 
that proper manufacturing procedure is a most important factor. 

The authors are in full agreement with the comments by Mr. 
Price with regard to the copper-nickel tubes. No dezincifica- 
tion was found in any of the tubes tested, though it is possible 
that, had the tests been continued over a period of several years 
instead of but 2 years, there would have been dezincification. 
The reason for not giving the analysis of the circulating water 
was covered in the discussion of the comments by Messrs. LaQue 
and Crawford. 

Mr. Reeve’s discussion of his own personal experience and the 
experience of his company with condenser tubes in general and 
aluminum-brass tubes in particular is most helpful. 

Likewise, the comments of Mr. Staples are of significance and 
importance as he discusses in quite some detail manufacturing 
procedure. 

Most of the matters brought up by Mr. Webster have been 
treated previously in this closure, especially under the comments 
on the discussion by Messrs. LaQue and Crawford. Particularly 
is this true with respect to the discussion on the copper-nickel 
findings. The compositions given in Table 4 of the paper are 
type compositions, as indicated in the section of the paper en- 
titled “Chemical Composition.’’ The authors have often wond- 
ered why maximum tin contents are included in these type 
compositions for, to the best of their knowledge, it is seldom 
found. In the analyses which were made under the direction of 
Messrs. LaQue and Crawford less than 0.01 per cent tin was 
found, 

The support for our statement with regard to manufacturing 
procedure is given in our discussion of the comments by Mr. 
N. W. Mitchell. 

In conclusion, the authors again wish to thank all those who 
contributed discussions to this paper, for it is their conviction 
that the value of a paper is greatly enhanced by a full and 
general discussion of its contents. 
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Thermometric Time Lag 


By RUDOLF BECK,’ BRIDGEPORT, CONN. 


The purpose of this paper is to present facts and theory 
of thermometric time lag in a form suitable for industrial 
users of thermometers. The emphasis will be on the dis- 
tant-reading type of thermometer, actuated by liquid 
expansion (mercury or other liquids), gas expansion, or 
vapor pressure, and mercury-in-glass therometers. 


WENTY years of experience in thermometer work has 

demonstrated to the author that the phenomenon of time 

lag is but little understood by industrial thermometer 
users, either as to character or quantitative value. Specifications 
written without knowledge of the character of time lags are 
likely to be meaningless, and cannot be checked accurately with- 
out additional explanations. One of the purposes of this paper is 
to propose a definite form of specification, which permits the 
use of a simple method of measuring time lag. 

The most frequent form in which questions relating to time 
lag are put, is as follows: How long will the thermometer take 
to indicate a change of say 10 deg? Or, a specification will stipu- 
late that a change of 10 deg is to be indicated within 30 sec. 

No definite answer can be given to the question, nor could the 
specification be checked without an additional stipulation, for 
instance, that the thermometer show the changed temperature 
accurately to within 1 deg. The approach of the indication to 
the true temperature is asymptotic, i.e., requires theoretically 
infinite time. Ifa thermometer takes 30 sec to indicate a sudden 
change of 10 deg to within 1 deg, it will require another 30 sec 
to come to within 0.1 deg. This is the most fundamental char- 
acteristic of thermometer response, and should be kept clearly 
in mind. 

Let us now consider the specification, “‘a change of 10 deg is 
to be indicated within 30 sec.” If we set about checking this 
specification by means of a stop watch, we would get quite differ- 
ent results if we considered an approach of 1 deg as up to tem- 
perature, than we would if we considered 0.1 deg as up to tem- 
perature. In the second case, the time would be twice that of 
the first. It may be mentioned at this point that measurement 
of time lag by attainment of the final temperature is quite un- 
satisfactory, for the reason illustrated in the example given. The 
theory of time lag, as explained later, yields a method which per- 
mits taking time readings at two points of the scale, which are 
passed by the indicator fairly rapidly and, therefore, can be timed 
accurately. 

A second form of specification encountered is as follows: “If 
the medium in which the bulb is inserted changes its tempera- 
ture at a rate of 1 deg per sec, the thermometer must not lag 
behind more than 10 deg.” This form is in itself complete, but 
is unsatisfactory, inasmuch as no means are available for de- 
termining the true temperature of the medium, as any reference 
thermometer used will in itself have a time lag. If this time lag 
is known, it may be added to the difference of the two thermome- 
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ter readings to obtain the true time lag. However, in order 
to determine the absolute time lag of the reference thermometer, 
some method will have to be employed similar to the one to be 
proposed. Also, to obtain a uniform rate of temperature change 
in a medium for test purposes, as stipulated by the specification, 
is much more complicated than the method suggested later; 
therefore, this method of writing time-lag specifications is imprac- 
tical. 


THEORY OF THERMOMETRIC LaG 


The theory of thermometric lag is based on Newton’s law of 
cooling, which states that the heat quantity, transferred from 
one body to another, is proportional to the temperature difference 
of the two bodies. The rate of temperature rise of a body, as, 
for instance, a thermometer bulb, will be proportional to the heat 
transferred to it; therefore, in accordance with Newton’s law, 
also proportional to the temperature difference between the bulb 
and its surrounding medium. 

Those interested in the mathematical development and further 
refinements of theory are referred to a report? by D. R. Harper, 
3rd. The author proposes to adopt for industrial purposes the 
letter L for the time lag, as defined there.?_ The two definitions 
of L are as follows: 

1 If a thermometer has been immersed for a long time in a 
bath whose temperature is rising at uniform rate, L is the number 
of seconds between the time when the bath attains any given 
temperature, and the time when the thermometer indicates this 
temperature. In other words, it is the number of seconds the 
thermometer “lags”’ behind such a temperature. 

2 If a thermometer be plunged into a bath maintained at a 
constant temperature (the thermometer being initially at a 
different temperature), L is the number of seconds in which the 
difference between the thermometer reading and the bath tem- 
perature is reduced to '/e times its initial value, where e = basis 
of natural logarithms = 2.718; '/e = 0.4 (approx). 

The first definition is the most useful one in predicting the be- 
havior of thermometers under various conditions. Theysecond 


2“*Thermometric Time Lag,’’ by D. R. Harper, 3rd, U. S. Bureau 
of Standards, Bulletin No. 185, 1912, p. 659. 
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definition provides a convenient method of measuring L. The 
time L in seconds is the same in both cases; the mathematical 
relationship is shown in the Harper reference.? Note also that 
L is independent of the temperature scale used. 

Fig. 1 shows the typical behavior of a thermometer bulb. The 
points have been determined directly by experiment; the curve 
has been calculated from L, determined by the simplified test 
method described later on. 

In the following sections, we will first discuss the use of L for 
predicting the behavior of a thermometer under various condi- 
tions; list various factors affecting L; then describe methods of 
determining L and, finally, give actual values of L for different 
types of thermometer systems, sizes of bulbs, etc. 


Users or Trme-Lac Constant L 


In the first definition, L represents the time the thermometer 
will lag behind the actual temperature. In the case of a constant 


temperature change. Let us suppose L is 10 sec, the temperature 
rising at a rate of 2 deg per sec, and the thermometer reads 100 
deg at a certain instant. By definition, the actual temperature 
was 100 deg 10 sec previously and, as it is rising at a rate of 2 deg 
per sec, it is now 100 + (10 X 2) = 120 deg. In other words, 
the thermometer is lagging 20 deg. Generally, we can say that, 
if the temperature changes at a rate of n deg per sec, the ther- 
mometer will at any definite moment show n X L deg either less 
or more than the actual temperature, depending upon whether 
the temperature is rising or falling. Rate of change n may be ex- 
pressed in any standard temperature scale, as Fahrenheit or 
centigrade; the result, of course, must be taken in the same scale. 

The foregoing relation is true only if the rate of change n has 
been maintained for a certain length of time, which, for practical 
purposes, can be taken as 3 to 4 L. This will be explained later. 

The second definition states that L represents the time it takes 
a thermometer, if transferred to a higher temperature 7’, to move 
from one indication 7; to another one 7, which is '/e of the 
original temperature difference 7 — T, below the final tempera- 
ture 7’. In other words, L is the time for the thermometer indica- 
tion to proceed from 7’; to 12, if T; = T — '/e (T — 7T,) = T — 
0.368 (T — T;). Generally, it will be desired to determine the 
time required to come within smaller percentages of the final 
temperature. The factor '/e brings us to within 36.8 per cent 
(roughly 40 per cent) of the final temperature. The general 
formula brought into a convenient form is — 


loge 


where Sa = total number of seconds to come within a times the 
difference of initial and final temperature, and 


The following table shows ¢ for various values of a, and gives 
a fairly good picture of the behavior of a thermometer: 


a = 0.50 0.368 


0.05 0.01 0.001 
Sa = 0.7L9 L 


0.20 0.10 
6 4.6L9 6.9L2 


1.612 2.3L) 

Suppose we transfer a thermometer suddenly from 100 deg to 
200 deg, and want to know when the thermometer indication will 
have reached 199 F. In this case, T = 200, 7; = 100, 7: = 199, 
tet = 0.01. We will, therefore, take the value 
4.6 L fora = 0.01. If the change were from 190 to 200 deg, and 
we again want to know the time of reaching the 199-deg mark, we 
will use the value 2.3L fora = 0.1. 


anda = 
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rate of temperature change, this time is the same for any rate of ~ 
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To give a yet clearer picture of the thermometer response, 
actual values are inserted in the following table for a thermometer 
having a time lag L = 10 sec, which has been suddenly transferred 
from a 100-deg bath into a 200-deg bath: ’ 


ae 150 163.2 180 190 195 199 199.9 


Thermometer reading, F........ 
16 23 30 46 69 


Time elapsed, sec............. 7 10 

It is possible to reduce practically all thermometer-response 
problems either to the case of a uniform rate of change, or of a 
sudden change of temperature at the bulb, or to a combination of 
both. For practical purposes, we can say that, in case of a sudden 
change, it requires 3L to get fairly close to the final temperature, 
or 5L if we want to be very accurate. For a temperature 
changing at a rate of n deg per sec, the thermometer will lag n 
x L deg. If we start from a steady temperature at which the 
thermometer shows the true temperature, and then change at a 
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rate of n deg per sec, we will not develop the full temperature 
lag of n X L deg until after a time of about 3L. This type of be- 
havior is shown in Fig. 2. 

For cases of a more complicated nature, a graphic method can 
be used. This method is illustrated in Fig. 3. It is based on 4 
reversal of the formula for temperature lag. We found that " 
x L = 7; represents the temperature lag 7’, for a rate of change 
of ndeg. Inversely, if the temperature difference 7. between bath 
and bulb is known, we can draw the conclusion that the thermom- 
eter indication will change at the rate of n deg per sec. The 
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rate of change will be n = 7;/L. In this case, 7; is the difference 
between actual temperature and thermometer reading at any 
time. 

Fig. 3 shows the application of this relation to the study of an 
irregular temperature curve, as may occur in a thermostat- 
controlled room, and its reaction on the thermometer indications. 
The upper curve shows the actual temperature; the lower one 
starts with the initial bulb temperature. A zigzag curve has 
been chosen to show the relation between actual temperature 
swings and the swings shown by the thermometer. For calcula- 
tion, the true temperature curve is divided into convenient 
elements, and the mean temperature assumed as being effective 
on the bulb. The corresponding rate of change for the bulb is 
calculated from the difference between bulb and true tempera- 
ture. 


Facrors AFFECTING TimE-LaG Constant L 


In the discussion so far, L has been assumed to be a constant. 
It is constant for practical purposes only, in the same medium 
and for the same rate of agitation or speed with which the medium 
passes the bulb. It varies widely for different mediums, such as 
water and air, and for different speeds of the medium past the 
bulb. Actual comparative values will be given in the section on 
“Values of L.” 

For similar bulb constructions, and bulb lengths more than 3 to 
4 times the bulb diameter, L will change somewhat faster than 
the bulb diameter. In other words, a bulb about twice the diam- 
eter will have an L slightly more than twice as large. The use 
of a separable socket will considerably increase L, because of the 
space between bulb and socket, and the size of this space will 
have quite an influence, also the medium used to fill up this 
space, as mercury, graphite, copper dust, etc. 

The formulas derived from Newton’s law apply to the heat 
transfer to the bulb only, and do not allow for any lag between 
bulb temperature and indication. In all thermometers actuated 
by liquid expansion, the amount of liquid which is displaced from 
the bulb is so small that there is almost no frictional resistance in 
the capillary .connection. The interval between the time the 
bulb reaches a certain temperature and its indication on the dial 
is, therefore, practically negligible. Also, in liquid-filled distant- 
reading thermometers, the pressure differential available to push 
the liquid through the capillary is relatively high, as such thermom- 
eters employ pressure ranges of 800 to 2000 psi. 

In other words, in a properly constructed liquid-expansion 
thermometer, time lag is caused almost entirely by the delay in 
bringing the bulb to the temperature of the surrounding medium, 
and not by any failure of the bulb to signal its temperature change 
to the dial or scale. 

The conditions are somewhat different for gas-actuated ther- 
mometers. Here, the medium transmitting the pressure from the 
bulb to the indicator is compressible, and a relatively greater 
volume has to be moved through the capillary tubing. An ap- 
preciable pressure drop may occur so that, in addition to the 
thermal lag of the bulb, there would be a transmission lag of the 
indication to the dial. 

In case of vapor-pressure-actuated thermometers, the condi- 
tions are yet more complicated. On a rising temperature, it is 
only necessary to bring the surface of the liquid in the bulb and 
the vapor space up to temperature, but not the entire mass of the 
liquid. On a falling temperature, the entire mass of the liquid 
must be cooled off. It might, therefore, be expected that the vapor- 
pressure-actuated thermometer would be faster on a rising tem- 
perature. This has been observed in some cases; in other cases 
the opposite behavior has been indicated by tests. This higher 
speed on a falling temperature is probably due to cold liquid from 


the capillary tubing being injected into the bulb which was at a_ 


higher temperature than the tubing. A jerky action can fre- 
quently be observed in these thermometers, sometimes attribut- 
able to the factor just mentioned, or to superheating or undercool- 
ing of the active liquid in the bulb. This erratic behavior occurs 
only where the bulb temperature is changed suddenly through a 
wide temperature range, a condition which practically never oc- 
curs in actual service. 

It does make measurement of the time lag of vapor-pressure- 
actuated thermometers somewhat more difficult. In measuring 
time lag, it is of course essential to obtain figures which represent 
the behavior under actual service conditions. These will usually 
be slow temperature changes from a standard temperature. 
Occasionally, the statement has been made that time-lag meas- 
urements made over a large part of the instrument range do 
not represent the behavior under actual service conditions. This 
impression may have been due to a failure to take into account 
the various factors mentioned. 

If time-lag tests are made in accordance with the suggestions 
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in the next section on determining the time lag, figures representa- 
tive of actual service conditions will be obtained. 

An exception is the condition in vapor-actuated-thermometers, 
where the bulb temperature goes from above to below the case 
or line temperature, as the liquid contained in spring and line 
must be evaporated and pushed back into the bulb. Some manu- 
facturers now supply specially filled systems of this type in which 
this lag is eliminated, but without this special feature there is 
considerable time lag when the bulb temperature changes from 
above to below case temperature. This lag cannot be covered 
by any of the formulas cited, and varies so much with different 
designs that no figures can be presented which would be of 
any practical value. 


7 
* 
ak 
2 
| 
(4) 
ae 
| 
wie tl 
& 
| 
@ 
| 
h 
e 


534 TRANSACTIONS OF THE A.S.M.E. 


For the condition of bulb temperature always above or always 
below the line and case temperatures, these formulas, however, 
give a sufficiently practical approximation of the average behavior 
of vapor-actuated-thermometer systems. 

Mercury-in-glass thermometers for industrial applications are 
usually protected by a metallic well, especially where they are 
to be inserted in pressure vessels or pipe lines. A typical con- 
struction is shown in Fig. 4. As the glass bulbs cannot be made 
to fit the well accurately, some heat-transfer material has to be 
used to fill the space between bulb and well. For temperatures 
below the boiling point of mercury (about 670 F), that metal is 
the most convenient heat-transfer material. If there is anough 
mercury in the well to establish contact with the entire active 
bulb surface and the well at the same time, this type of ther- 
mometer will have about the same time lag as mercury-in-steel 
bulbs of the same over-all diameter. For temperatures above the 
boiling point of mercury, other heat-transfer materials, such as 
powdered graphite or copper are being used, but they have a 
poorer heat conductivity than the mercury. Their effectiveness 
also depends upon the care with which the heat-transfer material 
is applied. 

Industrial mercury-in-glass thermometers for temperatures 
above 650 F, therefore, need particular checking as to time lag, 
when used for installations where quick temperature changes 
occur. 

Whenever it is desirable to remove a thermometer from a pres- 
sure vessel while it is under pressure (or vacuum), a so-called 
“separable socket” is used which forms a pressure-tight pocket. 
The bulb can then be inserted or removed from the separable 
socket without interfering with the functioning of the apparatus. 
This construction is shown in Fig. 5. 

The separable socket inevitably introduces an additional time 
lag (1) because the heat must travel through the metal of the 
socket wall, and (2) it has to pass the space between the socket 
and bulb. This space is by far the more important factor of the 
two. 

In the case of industrial mercury-in-glass thermometers a 
tapered bulb is used extensively, fitting into a socket having the 
same internal taper. This produces at least a partial metal-to- 
metal contact. As a standard well size can be used for this type 
of thermometer, the tapered construction can be produced in 
reasonable quantities and therefore is commercially feasible. 
The bulb sizes of the other types of thermometers mentioned 
vary to such an extent that the tapered-bulb construction would 
add considerably to the cost. For this reason, the latter has not 
been commercially adopted. The bulbs of these thermometer 
types are generally made cylindrical in shape, and the hole in 
the separable socket is also cylindrical, of slightly larger diameter, 
in order to permit easy insertion or removal of the bulb. The gap 
between the two, if filled only with air, will offer a considerable 
resistance to heat transmission, as air is a poor heat conductor. 
A widely used method of improving the heat transfer is by applica- 
tion of graphite powder, either dry or mixed with oil so as to form 
a paste. The oil-graphite mixture should be used only for tem- 
peratures below the flash point of the oil, otherwise the oil will cake 
and make removal of the bulb very difficult. 


Mersops oF DETERMINING THE TimE Lac L 


For determining the time lag by test, we refer to the second 
definition of the time-lag constant as the time required to come 
within 1/e of the final temperature. Suppose we wish to deter- 
mine the time lag in water of a thermometer with range 0/300 
deg. We provide a stop watch and boiling water (212 F). If 
the bulb was at room temperature (about 70 deg), we insert it 
in the boiling water and start the stop watch as the indicator 
passes the 112-deg mark. This is 100 deg below the final tempera- 
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ture. We want to determine the time required to come within 
‘/e or 0.368 of the difference between starting and end tempera- 
ture, which is within 0.368 < 100 or 36.8 deg of 212 F. or 175.2 
F. The stop watch therefore will be stopped as the indicator 
passes the 175.2-deg mark. This ends the test. We do not need 
to wait until the thermometer reaches 212 F. The time indicated 
by the stop watch is the desired L for water. 

The exact starting point of the test is immaterial, as long as 
we calculate the end point correctly from the difference between 
the temperature into which the bulb is being immersed, and the 
starting point. The latter should, however, be at least 20 deg 
above the bulb temperature, as normal heat-transmitting condi- 
tions do not exist the first moment the bulb is immersed. In im- 
mersing the bulb of a liquid-expansion instrument into a much 
higher temperature, there occurs in fact a momentary lowering of 
the indicator due to the bulb walls expanding before the bulb 
filling is heated. By starting the test above the bulb tempera- 
ture, we eliminate this effect which is due to a condition which 
practically never exists in actual use and therefore need not be 
considered further. 

Fig. 1 shows a comparison between the results obtained by 
actual determination of the heating curve and a curve calculated 
from L obtained by the foregoing method. The agreement is 
very good. The test readings at 3 and 6 sec are somewhat dis- 
persed, due to the difficulty of reading the temperature on the 
dial while the hand moves quite rapidly. From 9 sec on, the test 
points cluster very closely around the calculated points. In the 
abbreviated test, we only measure the time required to move 
from point A on the curve to point B. The temperature points 
having been determined beforehand, it is possible to clock quite 
accurately the times at which the pointer passes the two points. 

The test may, of course, be made also with a falling tempera- 
ture. Any source of heat, as for instance a gas flame, may be 
used to bring the temperature up nearly to the top of the range. 
In this case, the test is to be started at least 20 deg below the 
maximum bulb temperature and, if the bulb has not been heated 
evenly, a much larger interval should be allowed. 

It is desirable to test the thermometer in the medium, and at 
conditions of circulation which approach actual use as nearly as 
possible. This is not always possible; to permit estimating time 
lag from tests in different mediums, and at different rates of circu- 
lation, comparative values will be given in the next section. 

The most generally available mediums are water and air. 
Tests in water are quite satisfactory, provided the thermometer 
scale includes a sufficient part of the water range 32 to 212 F. 

Tests in still air are likely to be very misleading, as the ther- 
mometer bulb itself will induce air currents which affect the 
cooling rate the same as changes in air speed. For instance, the 
bulb of a mercury-in-steel thermometer, */s in. diam, showed an L 
in air of 270 when 750 F above air temperature, changing to 600 
sec upon approaching the air temperature. The air tests should, 
therefore, be made at a comparatively small temperature in- 
terval, or at a known air speed of at least 5 fps, which will 
eliminate the air currents induced by the bulb itself. Also, in 
testing with rising temperature, the bulb must be dry and not be 
cooled below the dew point of the surrounding air, otherwise 
quite erroneous results will be obtained. 

Where calibrating pots with hot oil or lavite* are available, 
these may be used for thermometers with scales starting near oF 
above the boiling point of water. 

The following table gives a few examples of test temperatures, 
calculated as follows: 


T. = T, 0.368(7', T,) 


* Lavite is a salt mixture with low melting point. 
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Bulb 
temperature Bath Timing——— 
before test, temperature, Starts at Ends at 
‘a To Ts Te Medium 
70 212 112 175 Water 
212 70 170 107 Water 
120 70 100 81 Air 
70 450 350 413 Oil 
500° 800 600 726 Lavite 


“a In the case of lavite, it is desirable to preheat the bulb, otherwise a 
crust of solidified lavite may be formed around the bulb immediately after 
immersion, which would disturb the test. 


Molten tin is not recommended for time-lag tests as it does 
not “wet” the bulb, leaving an insulating layer of air around it. 
In the case of liquid-expansion-actuated thermometers, the 
bath may be stirred with the bulb; this should not be done in 
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Fig. 6 CHANGE oF Time LaG IN WATER FOR VARIOUS SPEEDS OF 
WatTER Past THE BULB 


case of vapor-pressure-actuated thermometers, as shaking the 
bulb throws the liquid around in the bulb when it is only par- 
tially filled, and causes a much faster heat transfer than when 
the bulb is at rest. In other words, moving the bulb around gives 
results which are about twice as favorable as when the bulb is 
fixed to the apparatus and is operating under actual conditions. 

For vapor-pressure-actuated thermometers, the test should 
be made over a comparatively short interval, and timing should 
not be begun until the thermometer indicator has traveled about 
half way between the original bulb temperature and the bath 
temperature. For instance, the bulb temperature should be at 
least 100 deg below the bath temperature, and the timing should 
be started 50 deg below bath temperature, and ended 18.4 deg 
below bath temperature. 

It is always desirabie to take at least three time-lag readings 
for consistent results. Comparatively short bulbs with con- 
siderable metal in the bulb connection will give a higher time-lag 
reading at the first test, due to heat conduction from the con- 
nected metal parts. The test should be repeated until subse- 
quent readings duplicate each other within a few per cent. These 
readings will represent most actual service conditions in which 
the superstructure of the thermometer bulb will be at some ther- 
mal equilibrium corresponding to average service temperatures. 

In every case, the calibration of the thermometer, which is to 
be tested for time lag, should be checked against the thermometer 
used to measure the bath temperature, and corrections applied 
if necessary. 

If the industrial-type mercury-in-glass thermometers are used 
for temperatures considerably above room temperature, for 
instance 800 F, there will be some heating of the mercury in the 
scale tube due to heat conduction from the bulb to the metal 
case surrounding the scale tube. For instance, in one test of a 
thermometer with 7 sec time lag, it was found that in the first 


test the thermometer came only within 12 deg of the final tem- 
perature, instead of within 2 deg. The difference of 10 deg was 
due to the low temperature of the metal case, which had not yet 
reached its equilibrium temperature with the surrounding air. 
It takes 12 to 25 min to establish this equilibrium. For this reason 
it is desirable to maintain this type of thermometer for 25 to 30 
minutes at the high test temperature, then cool off the bulb alone 
quickly below the low test point and immediately perform the 
time-lag test before the case has changed its temperature. This 
method will duplicate the conditions which obtain when a 
thermometer is used for a definite normal operating temperature, 
and its sensitivity to temperature changes from the normal must 
be determined. 


VaLuEs or Time L 


The figures given in this section, especially the curves, represent 
average values for well-designed thermometers. Tests in liquids 
were made for a circulation or stirring effect of at least 1 fps. When 
using the bulb for stirring, this corresponds to a circular bulb 
movement 4 in. in diam, 1 turn per sec. The curve in Fig. 6 
based on data in the Bureau of Standards paper,? shows the 
change in time lag of a mercury-in-glass thermometer for different 
speeds of the water, relative to the bulb. It will be noted that 
above a speed of 1 fps, the value of LZ changes but slightly. On 
the other hand, if the liquid is not stirred at all, very much higher 
values of L may be obtained. 

The curves in Fig. 7 show the time lag of mercury-in-steel, 
vapor-pressure- and gas-pressure-actuated thermometers, for bare 
bulbs only, in various liquids. 

There have been considerable arguments as to which of the 
three types of thermometers has the smallest time lag. The 
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author has made a considerable number of experiments, and has 
found that a single curve quite fairly represents all three types. 
This may appear inconsistent with the recital of the various fac- 
tors affecting time lag in vapor- and gas-pressure-actuated types. 
These factors are present, but it is the business of the thermometer 
designer to keep their effect as small as possible. For instance, 
tests with two gas-pressure-actuated thermometers, one with 
10-ft and the other with 110-ft line, showed no difference in time 
lag. As to vapor-pressure-actuated types, the curve applies only 
where the bulb is either always hotter or always colder than the 
connecting tubing and the indicator housing. 

The effect of separable sockets on the time lag in liquids de- 
pends upon the socket material, the thickness of its wall, the space 
between the bulb and socket, the material used to fill this space 
and the care with which this material has been applied. Roughly 
speaking, we can say that in water the socket will increase the 
time lag 3 to 4 times; in oil, 2 to 3 times. This ratio becomes 
smaller, as the heat conductivity of the liquid decreases, and as the 
bulb diameter increases. 
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Tre Lag or MERcURY-IN-GLASS THERMOMETERS 


The protecting well for the glass bulb usually has a diameter of 
3/s to 7/1 in. and, if the space between bulb and well is properly 
filled with mercury, the time lag should be between 3 and 4 sec 
in‘well-agitated water. The separable socket with tapered fit ap- 
proximately doubles the time lag; figures of 7.5 to 8.5 sec have 
been observed in water. It should be noted that, due to the ta- 
pered fit, the time lag is only slightly more than doubled; whereas, 
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in case of the thermometers with straight bulbs described in the 
previous section, the socket increases the time lag 3 to 4 times in 
water. 

The time lag in oil for the bare-stem thermometer is 15 to 20 
sec; for the separable socket, 35 to 45 sec. 

Fig. 8, based upon data in the Bureau of Standards paper,? 
shows the change of time lag with changing air speed past the 
bulb of a mercury-in-glass thermometer. The rapid change in 
time lag between zero and 1 fps air speed indicates that time-lag 
figures for thermometer bulbs in quiet air will be extremely un- 
reliable, as any slight change in air drafts may double or halve 
the time lag. Therefore, if we wish to control the time lag, we 
must control the air speed. For instance, if we are required to 
measure at a maximum rate of temperature change of 1 deg in 
60 sec, and cannot allow an error of more than 1 deg, the time lag 
cannot be more than 60 sec. According to Fig. 8, we will need a 
minimum air speed of 3 fps for this particular thermometer. Fig. 
8 shows some data on bulbs in quiet air; the figures correspond to 
the time lag of 190 sec for zero speed in Fig. 8. Time lags at 
other speeds can be estimated by using the same proportions of 
time lag for equal air speeds. For instance, at 20 fps, Fig. 8 shows 
a time lag of 30 sec; at zero, 190 sec. Fig. 9 shows for a */,-in. 
mercury-in-steel bulb a time lag of about 500 sec. At 20 fps the 
3/,-in. bulb would have a time lag of 500 X *°/i90 = 79 sec. This 
relation checks reasonably well with actual tests. 
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CONCLUSION 


The preceding sections give the prospective user of a ther- 
mometer sufficient material to determine its behavior under actual 
service conditions for a definite time-lag figure. What this 
behavior should be for a certain process must, of course, be de- 
termined from the requirements of the process and the character- 
istics of the process apparatus, and is entirely beyond the scope 
of this paper. 

Once the desired time lag has been determined, it is necessary 
to include it in the purchasing specifications in a form which is 
definite and permits easy checking by means generally available. 
The author proposes the following as a standard form of time-lag 
specification: 

The time lag of the thermometer in (medium) at a uniform rate of 
temperature rise must not exceed ( ) seconds. 

The time lag is to be determined by transferring bulb at tempera- 
ture 7, into a (medium) bath at temperature 7, and measuring the 
time required for the indication to progress from 7, to T, = Ts 
— 0.368(7, — T;) with bulb at rest and bath stirred moderately. This 
figure will be accepted as representing the time lag in (medium) at a 
uniform rate of temperature rise. 

Actual figures should be inserted for 7,, 7,, 7, and 7. By 
using specifications of this form, there cannot be any argument as 
to whether or not they have been fulfilled. Also, the figure given 
for the time lag permits the prospective user to predetermine the 
maximum deviations between actual and indicated temperatures 
which he may encounter in his process, using the formulas given 
in the section on “Uses of Time-Lag Constant L.” 

For industrial-type mercury-in-glass thermometers, it may be 
advisable to add that the bulb should be maintained at the 
temperature 7’, for 30 min before performing the test. The ex- 
pression “stirred moderately” is somewhat vague, but has been 
chosen because generally no special equipment is available by 
which the stirring speed could be measured. When such equip- 
ment is available, a definite speed of the liquid past the bulb may 
be inserted, for instance, 1 ips, or a speed corresponding to 
actual service conditions. 

Frequently, it will not be possible to have the time-lag test 
performed in the medium in which the thermometer is actually 
used. In this case one of the mediums discussed previously with 
temperature characteristics nearest to the actual medium can 
be selected, or the figures for relations of time lags in different 
mediums can be used. If the time lag is to be determined in air 
or gas, the speed of the medium past the bulb in feet per second 
should be inserted in the specification in place of the wording 
“and bath stirred moderately.” 


Appendix—1 


Those desiring to study further the theory of time lag should 
obtain a reprint from the Bureau of Standards bulletin? men- 
tioned. Some of the formulas are given herewith in more detail 
than was justified in the main paper: 


T, = Original temperature of the thermometer bulb 
T> Bulb temperature at time s 

s = Time, sec 

T) = Original temperature of bath 

T Temperature of bath at time s 

L Time lag, sec r 

r Rate of temperature rise, deg per sec 


Newton’s law of cooling can be expressed as follows: The rate 
of heat transfer is directly proportional to the difference of tem- 
perature between two bodies, or 
dT, 1 
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The Bureau of Standards paper? gives the integration and solu- 
tion of this equation for several special conditions, of which only 
two are of interest to us: The behavior of a body (bulb) immersed 
into another body (bath) of constant temperature, and of a 
temperature rising at a uniform rate. 

The equation for the constant temperature is 


Written in logarithmic form, Equation [2] becomes 
[3] 


which is the form used in the main paper. Solved for L, this 
formula permits the determination of L from any two timed 
temperature readings 


loge 
Og T 
T—T, 
It will be noted that with ToT, = e the formula becomes 
2 


L = s, which is the relation on which the recommended method 
of measuring time lag is based. 
The equations for the steady-rising bath are as follows 


T =T,+ 718 [5] 
T = + 


The condition shown by the curve, Fig. 2, is based on T) = 
T;, in which case Equation [6] becomes 


T —T, = rl — ree [7] 


The term rse~‘/ becomes increasingly smaller with time so 
that the thermometer finally approaches the condition 


In equation [8], the temperature lag 7 — T, eventually will 
equal the rate of temperature change times the time lag. Fig. 2 
shows rL as a dash line and illustrates the gradual approach of 
the bulb temperature to this line. 


Appendix—2 


In the main part of the paper there has been no discussion of 
the events which occur immediately after transferring a thermom- 
eter bulb from one temperature medium into another one at 
higher or lower temperature. The author felt that they were of 
no concern to the practical engineer for whom the paper is in- 
tended. The methods proposed for determining the time lag were 
deliberately arranged to eliminate the effects caused by the sud- 
den contact of the bulb with a medium at a considerably different 
temperature. 

In a preliminary discussion® of the paper, the question was 
brought up whether in the theory of temperature regulators the 
time lag as discussed in the main paper, or that for “sudden bulb 
contact” would have to be considered. Fig. 1 shows the tem- 
perature curve without the “sudden contact” effect; Fig 10, curve 
A, shows an actual temperature-response type with a drop at the 
beginning, which is due to the sudden contact of the bulb with 
hot water. The reason for the drop is as follows: The heat 
proceeds like a wave from the bulb surface to the interior. During 
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the time of traverse through the bulb wall, the latter expands, 
wheréas, the mercury has not expanded as yet. Therefore, there 
is an increase in bulb volume without an increase in mercury 
volume, which causes the temperature indication to drop. 

To clear up the effect of this phenomenon on the response of 
thermometers, the author made some tests with apparatus which 
happened to be available. Due to lack of time and equipment 
these tests are by no means complete, but they yielded sufficient 
quantitative information to give an idea of the true effects, and 
may serve as a basis for further tests where more accurate infor. 
mation may be required. 

The tests were made by means of a recording thermometer with 
a circular chart revolving once in 10 sec. One of the tests, trans- 
ferred to cross-section paper, is shown in Fig. 10, curve A. This 
was made with a mercury-in-steel thermometer system, the bulb 
consisting of KA; stainless steel. Fig. 11 shows the start of the 
curve from four different tests. Each test was made with a 
different temperature interval between the bulb and the water 
bath in which the bulb was suddenly inserted. The result is in- 
teresting in several respects. 

1 The time required for the reading to come back to the 
original bulb temperature is practically the same in each case. 
The variations shown are not greater than might be expected due 
to imperfections in the experimental equipment. 
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2 The maximum depression of the reading is directly propor- 
tional to the original difference between bulb and bath tem- 
perature. At the right of Fig. 11, the depressions have been 
plotted in relation to the temperature difference and are found to 
follow a straight-line law very accurately. 

3 The time required for this particular bulb to resume a 
normal temperature rise is about 0.9 sec, and the depression is 
5.8 per cent of the original temperature difference. This is for a 
bulb 5/s-in. diam, heavy-walled, made of 18-8 stainless steel. This 
steel will show an exaggerated effect of the type discussed here, 
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because it combines low heat conductivity with high thermal 
expansion. A bulb of the same dimensions, made of carbon steel 
had corresponding values of 0.4 sec and only 0.8 per cent depres- 
sion against the 0.9 sec and 5.8 per cent of the stainless steel. The 
latter was used for the test just because it would exaggerate the 
type of behavior on which information was desired. The same 
tests were made for temperature changing from high to low and 
gave very nearly the same numerical values. 

Similar tests were made with vapor-pressure-thermometer we 
tems as shown in Fig. 12. The peculiar behavior at the start is 
due to the fact that in the test setup the water bath is fixed and 
the bulb must be moved rapidly when inserting it. As the bulb 

of a vapor-pressure system is only partly filled, the liquid will 
be splashed around inside the bulb. The larger wetted surface 
of the §/s-in. bulb may account for the earlier initial rise of this 
indicator. Eventually, the 7/,-in. bulb gets ahead of the §/,-in. 
bulb (both bulbs were tied together in this test). 

The test shows the lack of a consistent depression as found in 
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the mercury-actuated instrument, but it also shows that a certain 
time (a fraction of a second) is required to get going. The further 
discussion relating to the mercury-actuated instrument will also 
apply to the vapor-pressure type. 

In control problems, in fact in most industrial applications, we 
practically never have to deal with instantaneous temperature 
changes of the magnitudes represented by the foregoing tests. 
The problems usually are in the form of a transition from a uni- 
form temperature to one rising or falling at a definite rate. 
Additional tests were, therefore, made for a condition of change 
from uniform to uniformly rising or falling temperature. This 
condition was obtained by either opening a steam valve or a cold- 
water faucet suddenly a definite amount. The steam or water 
was discharged into the waterbath used for the tests; the water 
at the same time being stirred by a motor-driven propeller. Fig. 
10, curve B, shows the result. There is quite a definite absence 
of anything resembling the downswing of curve A at the begin- 
ning. 

Fig. 10 shows the test results for rising temperature; Fig. 13 
for falling temperature. Curves A and E show the bulb behavior 
for sudden bulb transfer, with the very distinct kick in the wrong 
direction at the beginning. In curves B and F this kick is defi- 
nitely absent. The straight lines C and G represent ideal test con- 
ditions of uniform rate of change; the actual temperature change 
probably deviated from a straight line due to imperfections in the 
test outfit, particularly the rate of water circulation was not fast 
enough to establish perfect mixing from second to second. The 
lines D and H are the theoretical bulb responses corresponding to 
the temperature-change lines C and G. The actual test curves C 
and F deviate from these theoretical curves due to the imper- 
fections of the test setup, but it is quite obvious that there is no 
effect similar to the ‘‘kick” in the sudden-transfer curves A and 
F, and that they follow the general laws as explained in the first 
paper, with sufficient accuracy for all practical purposes. 

This can be claimed especially because the tests were made with 
a type of bulb which shows extremes of irregular response in the 
sudden immersion test. 

The only case, in which the characteristic shown in these tests 
must be considered, is in calculating the time required for the 
thermometer to reach its final reading. For instance, if a ther- 
mometer with a 6-sec time lag is suddenly immersed from 70 
into 170 F, and we want to know in what time the thermometer 
will read 169 F, we found earlier that this will be 4.6 X 6 = 27.6 
sec. In addition, we found that the “kick” requires about 0.9 
sec in the worst case; evidently this period of 0.9 sec will be of no 
practical importance. If we calculate 27.8 sec, we will probably 
decide to wait “about’’ 30 sec to obtain the desired accuracy. 

It will be noted that the method of measuring time lag described 
in the main part of the paper provides that the timing begin at 
some point above the original bulb temperature, which auto- 
matically eliminates the irregular bulb-behavior part from the 
time-lag test. 

The author has not had occasion to make further tests with 
vapor-pressure- or gas-actuated thermometers. The one test 
with vapor-pressure bulbs, Fig. 12, showed irregular behavior for 
a somewhat shorter time element than the mercury-actuated 
thermometers, and for different reasons. The end effect, from 
the practical point of view, should be very much the same as i0 
the case of the mercury- (or any liquid) expansion thermometers. 
Gas-actuated thermometers should show less irregularity than 
either of the other types. 

It appears, therefore, that for all of the mechanical types of 
distant-reading thermometers, we can from the practical point of 
view disregard the irregular bulb behavior found in case of sudden 
immersion of the bulb, and can use the information given in the 
main part of the paper without applying corrections. 
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Discussion 


M. F. Benar.* This paper will be particularly valuable to 
users of laboratory and of industrial instruments and to pur- 
chasing agents. By quoting actual specifications which do not 
specify, the author has performed a particularly noteworthy 
and praiseworthy service. In relations between manufacturers 
and buyers of engineering equipment, as if all other human 
relations, ‘Let there be light’? should be the precept to be 
followed. In this competitive world, however, a manufacturer’s 
representative cannot always be blamed for accepting speci- 
fications when he is tempted to tell his prospective customer, 
“Your specifications do not make sense; go back to engineering 
school!” He curbs himself and sends the absurdity to the 
home office. At the home office, such impossible or vague lag 
specifications are an old story and the order is put through. 
Later, the customer receives his thermometers and “tests’”’ them 
for lag. His resultant pleasure or dissatisfaction, in most cases, 
has less to do with the actual lag characteristics (which, of 
course, remain undiscovered) than with the suitability of the 
instruments for their applications; with their workmanship; 
sometimes with their appearance; and in general with factors 
other than lag. 

This is not intended to ridicule specification writers. They 
are no more blameworthy than the manufacturers’ representa- 
tives. They merely reflect the present state of the art of writing 
lag specifications. They are not alone responsible for the present 
state of this art, nor do they constitute the only group to which 
the engineering world may look for its advancement. 

All of us who have to do with temperature-measuring instru- 
ments are responsible for the backward state of the art. Chiefly 
responsible are those who are in possession of what might be 
called “advanced knowledge” but whose lips are sealed. It 
would be more accurate to assert that, between the light which 
could be shed and the prospective beneficiaries of this light, there 
is all too often interposed an opaque and almost unliftable veil 
customarily termed “confidential information.” 

Closely guarded trade secrets are the reason why the manu- 
facture of thermometers and the specification of their time 
characteristics both remain arts rather than sciences. The 
manufacture of thermometers is carried on in hundreds of what 
the Census Bureau calls “establishments.’”’ These vary enor- 
mously in size, in modernity, in manufacturing facilities, in types 
of product, in types of customers, and in every other way, par- 
ticularly in attitude toward research and development. Until 
well into the twentieth century the manufacture of thermometers 
was in the hands—literally in the hands—of expert craftsmen, 
then and now called glass blowers. Even-today, in 1941, there 
probably are between fifteen and twenty one-man concerns, each 
headed by an old artisan who brought his skill from Europe, 
who left his American employer when the latter “went modern,” 
who struck out for himself for love of his craft, who will compe- 
tently fill your order for a high-grade calorimetric or A.S.T.M. 
thermometer, but who will not know what you are talking about 
if you mention “logarithmic decay” or “Newton’s Law of 
Cooling.” 

There are also large modern mass-production establishments; 
but these likewise vary enormously in many ways, including 
attitude toward research and development. Suffice it to point 
out that a factory financed by chain stores or by an advertising- 
novelty firm naturally differs from a factory built by repeat 
orders from great engineering plants and laboratories; an 
A.S.M.E. pin is seldom seen in the former; in the latter we 
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find many men like the author and other members of our Com- 
mittee on Industrial Instruments and Regulators. 

But the heterogeneity of the temperature-instrument ‘“in- 
dustry” (not even the Census Bureau has been able to define 
it as an industry), the enormous disparity of grades of products, 
of prices, of wages, and particularly of percentages of gross 
incomes allotted to research and development are factors 
prolonging the nineteenth-century “trade-secret” kind of compe- 
tition; these factors tend to increase the opacity of the veil 
that hides the light, and make this veil more difficult to lift 
even part way. 

The light is not thermometer research and development in 
general; it is precisely the subject under discussion. It is 
specific and detailed ki.cwledge of lag characteristics. Most of 
the improvements in American-made temperature instruments 
during the last 20 years have been related to lag characteristics, 
particularly to differential-time effects. The odd aspect of it 
all, it seems, is that almost every firm thus improving its products 
believes itself to be the sole discoverer of these effects. Even 
odder are the instances of firms which have gradually improved 
the lag characteristics of their instruments by cut-and-try meth- 
ods and deny the importance of lags other than primary or bulb 
lag, or remain unaware of the existence of these other lags. 

The veil is lifted; not all the way, because the writer’s research 
work has been too circumscribed for the purpose and because 
confidential information cannot be violated, but just enough to 
disclose the nature of the light. And now having gone this far, 
the writer may as well state explicitly the nature of the light. 
There is no such thing as a thermometer which obeys exactly 
the simple law (the one formulated by Harper in 1912 in his 
famous Bureau of Standards paper’). Every actual ther- 
mometer is a composite structure, the components of which not 
only have different temperature coefficients of expansion or of 
resistance or of pressure, etc., but also have different time re- 
sponses to changes in temperature. 

No confidences have been violated in making this explicit 
statement. It is true that this paper nowhere contains any such 
explicit disclosure, but the author’s Appendix 2 reports a sensa- 
tional departure from the simple lag law, definitely attributable 
to a metal bulb expanding quickly and appreciably before the 
contained mercury starts to expand appreciably. The publica- 
tion of this presentation in the Transactions amounts to more 
than merely lifting the veil part way; it forces the writer to 
change his simile and to declare that it amounts to unplugging 
the hole in the dike, so that from now on we may expect an ever- 
increasing flood of information on the several components of 
actual lag curves, an ever-increasing flood of information on just 
why actual lag curves do not plot straight on semilog paper, as 
does the simple Newton-Harper law—and on what to do about 
it in order to minimize errors in temperature measurements. 

It is to be regretted that the author worded the closing para- 
graph of his paper as he did. To be sure, “we can . . . disregard 
irregular bulb behavior found in case of sudden immersion,” 
but it does not follow that we can “use the information given in 
the main part of the paper without applying corrections.” The 
main part of the paper expounds the simple Newton-Harper 
law. The section on “Uses of Time-Lag Constant L’’ is the one 
which tells thermometer users how to apply this law. Not only 
does the author fail to mention that this law applies only to an 
ideally simple thermometer but his numerical examples, pre- 
pared for users of actual (hence, relatively complex) thermome- 
ters, include figures which seldom apply to actual thermometers 
and which are “way off” for most instruments of obvious 
structural complexity (such as the industrial thermometers 


5 “Thermometric Lag,’’ by D. R. Harper, 3rd, Scientific Paper No. 
185, U. 8. Bureau of Standards, 1912. 
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illustrated in Figs. 4 and 5 of the paper) under most conditions 
of use. For instance, he gives the familiar 100 to 200 deg and 
L = 10-sec example: 


Thermometer reading, F............ 
Time elapsed, seconds.............. 0 


199.9 
69 


as if it were true of all thermometers, his introductory sentence 
not only being unequivocal but beginning, ‘To give a clearer 
picture...” With all due respect to a courageous “‘veil-lifter’”’— 
and precisely because of the well-nigh historic importance of his 
paper—the writer challenges these figures. 

Not only are these figures challenged, but the writer main- 
tains the following: 


190 
23 


199 
46 


1 The relation shown by the dominant line in Fig. 14 of this 
discussion (which is simply a semilog plot of the author’s main 
thesis, the Newton-Harper law) is true only of an ideal ther- 
mometer in which only one element, say the mercury within the 
bulb, responds to temperature changes while all other elements 
remain unaffected by such changes. 

2 The great majority of actual thermometers exhibit a 
composite lag (see secondary solid lines in Fig. 14). 
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3 In such cases the effect of secondary, tertiary, and other 
lags is to make the approach to the asymptote slower than that 
predicted by the “simple law.” 

4 In many such cases, the observer is deluded into thinking 
that the mercury or pointer has stopped before it has really 
stopped; inevitable result, a wrong reading. 

5 This error of reading is proportional to the difference 
between initial and final temperatures (other factors being 
equal). Therefore, it is most serious in the use of testing ther- 
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mometers which are taken from the pocket or hook or box at room 
temperature and immersed into the medium; examples: most 
laboratory thermometers and practically all “handled long- 
stem” thermometers used in various food industries, in varnish- 
making, etc. (Inferentially, then, it is less serious where ther- 
mometers are permanently installed. The writer admits this.) 

6 The form of lag specification proposed by the author (and 
by others before him, including the writer when younger) should 
not be adopted as an American standard, however useful it may 
be as an educational device for the benefit of purchasing agents 
and others to whom the whole subject of thermometric lag is a 
recondite subject. | Where precision is imperative, determina- 
tion of Leo and Lg (even if magnifying glasses or cathetometric 
telescopes are thereby necessitated) should be written into the 
specifications, and tolerances should preferably be expressed in 
terms of the difference of slopes on semilog paper. 


It is to be regretted in this connection that the author did not 
use logarithmic ordinates for any of his diagrams where tem- 
peratures are the ordinates. True enough, logarithmic scales 
cannot be understood by everybody, but the members of this 
Society, even the student members, constitute a mathematically 
minded audience. (However, it must be admitted that many 
graduate engineers seeing diagrams similar to Fig. 14 of this 
discussion are confused at first‘by the unfamiliar graduations. 
Therefore the writer has lettered in explanatory notations below 
199.9, 199, and 190.) 

It is on semilog plots that departures from exponential laws 
show up best; therefore semilog paper serves also as an excellent 
check on the accuracy of observations. Moreover, the semilog 
plot magnifies the really important region, i.e., the approach 
to the final reading of the instrument, which is nothing but a blur 
of merging lines on linear coordinates. Finally, and most im- 
portantly, there is the admirable simplicity of representing differ- 
ent lag coefficients by straight lines of different slopes, hence, 
conversely, being able to discover the existence of different 
components of the actual curve of the instrument. 

The importance of this last-mentioned reason (straight lines) 
cannot be overemphasized in connection with writing lag speci- 
fications, running acceptance tests, assigning “figures of merit” 
to competitive instruments, and discussing papers on exponen- 
tial-function phenomena. 

As to how far to carry the magnification, that depends on the 
grade of the instruments. As a rule the “last 2 per cent” of the 
temperature difference is of chief interest. 

In conclusion, a word as to how the four typical cases in Fig. 
14 of this discussion happen to be paired so neatly; the writer 
purposely drew them that way, to bring out the effects of short- 
fast, short-slow, long-fast, and long-slow stems. This does not 
invalidate their actuality—they are truly ‘“‘representative’’ cases, 
not hypothetical cases. 


L. M. K. anp R. C. A thermometer 
bulb may be represented, in a simple ideal system, as a lumped 
thermal capacitor C, its thermal resistance being small. The 
thermal circuit for a thermometer which is suddenly immersed 
in a fluid (or the fluid temperature is suddenly changed) is shown 
in Fig. 15 of this discussion. 

The thermal conductivity of the ideal thermometer is zero 
axially (no heat transferred upward and thence to the surround- 
ings) and infinite radially (the immersed portion is at a uniform 
temperature) and the temperature of the fluid is constant, that 
is, it possesses infinite thermal capacity (Co = ©). 


¢ Professor of Mechanical Engineering, University of California, — 


Berkeley, Calif. Mem. A.S.M.E. 
7 Instructor of Mechanical Engineering, University of Californias, 
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The differential equations for the thermal circuit (and of the 
thermal system) and those of an analogous electrical circuit 
follow: 


Analogous electrical 


Thermal circuit circuit 
dt e de 
Adt = V7C,— = C — 
f dp 
Ato 
where f = unit conductance between the fluid and the ther- 
mometer 
At = difference in temperature between fluid and ther- 


mometer at any time @ after the sudden change in 
the fluid temperature (or immersion of the ther- 
mometer in a fluid of fixed temperature) 

At) = initial difference in temperature between ther- 
mometer and fluid 


A = area through which heat flows to immersed portion 
of thermometer 

V = volume of immersed portion of thermometer 

y = weight per unit volume of immersed portion of 
thermometer 

C, = unit heat capacity of immersed portion of ther- 
mometer 


e = voltage in electrical circuit corresponding to tem- 
perature in thermal circuit, i.e., voltage across 
resistor R 
é> = initial voltage drop across resistor R 
By definition: 
VyC, 
L = time constant (lag) = RC = fA 


The quantity — 7 depends only upon the construction of the 


thermometer (thermocouple) and the degree of immersion and 
may be tabulated for any instrument by the manufacturer. 
The unit conductance f is a function of the method of application 
of the instrument, i.e., the fluid properties and the character of 
the flow over the thermometric element. The unit conductance 
may vary a thousandfold for different applications. The 
manufacturer should tabulate typical magnitudes of the unit 
conductance for common applications. Users of thermometers 
can then readily compute the performance of any instrument 
under transient conditions. 

More complex ideal systems, involving distributed capacities 
and resistances, may be devised more accurately to predict the 
behavior of a thermometric element. Further, more compli- 
cated thermometric elements may be treated analytically (the 
analogous electrical circuits for which solutions are available 
may be utilized). 

A thermometric element may be employed to record a periodi- 
cally fluctuating temperature. Concepts developed to solve the 
electrical cireuit may be utilized. Again returning to Fig. 15, 
the condenser of infinite capacity being replaced by a sinusoidal 
generator 


Thermal circuit Electrical circuit 


fA 
7 = instantaneous temperature of the fluid (with re- 
spect to the mean) of angular frequency 


thermal current, Btu per hr 

instantaneous voltage of angular frequency w 
applied to condenser C and resistor R in series- 
electrical current 


l = 


The instantaneous temperature ¢, measured by the thermo- 
metric element (measured above the same mean as r) corre- 
sponds to the voltage across the capacitor C. Thus 

t wVyC, 


wf 3 
fA 


or the ratio of the amplitudes of the thermometric element 
reading ¢ and the fluid temperature variation r 


and the angular lag ¢ of ¢ with respect to r is given by the expres- 
sion 


wVy7C, 
¢ = —— 
fA 
== ¢ 
| 
resistonce 
fA 


Fig. 15 THermMat Crrcuir THERMOMETER SuDDENLY Im- 
MERSED IN A FLUID 


Periodic thermal variations of complex shape may be solved by 
expansion in a Fourier series. Thus, it is seen that VyCp/fA = 
CR = time constant L is a fundamental constant of the thermo- 
metric element but involves its mode of application. 

The writers also wish to mention that the time lag for forced- 
convection applications (flow perpendicular to cylinders) varies 
inversely as the velocity to the 0.56 to 0.6 power. Thus, the 
curve illustrated as Fig. 8 by the author should not become hori- 
zontal. 


W. G. Brompacuer.’ Data on two important classes of 
instruments have been omitted from the author’s presentation 
of this subject, i.e., the thermocouple and the electric-resistance 
thermometer. These have been omitted for good reasons, 
since a full discussion would merit a separate paper. But it 
should be pointed out that these thermometers can be made with 
comparatively small lag, particularly the thermocouple ther- 
mometer. 

The writer is in full agreement with the author on the method 
of testing which he recommends for inclusion in specifications. 
However, in instruments of small lag, it may be preferable to 
specify other readings during the test than those which give the 
constant L directly; for example, a thermometer originally 
at 80 F put into a bath at 211 F may be read at 111 F and 201 F. 
The value of Z is easily computed; thus, in the example, using 
the equations in the paper, L = 0.44 S,, where S, is the measured 


8 National Bureau of Standards, Washington, D. C. 
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time noted. This procedure is particularly useful in testing 
thermometers with low lag. 

Another method which is useful in experimental testing, as 
contrasted with acceptance testing, is that described by Hen- 
rickson.? The formula connecting a series of readings made 
against time, such as given in Fig. 1 of the paper, is in his notation 


T—T, 
S, loge [9] 
It follows that, if S, is plotted against log T_T on semilog 
2 
paper, the points should fall on a straight line. The slope of 


this line is L/loge, from which L is easily computed. This pro- 
cedure has the advantage that points which deviate greatly from 
the line are an indication of the extraneous phenomena which the 
author has so ably discussed. 

It may be of interest to call attention to three papers on the 
lag of thermometers, used to measure air temperatures. The 
dependence of time lag of aircraft thermometers upon air speed 
and upon air density is discussed by Smolar.'"® This paper 
indicates (1) that the time lag varies inversely as the air speed, 
and (2) inversely as the square root of the air density. The 
conclusions are substantiated by experiments. These data are 
summarized by Peterson and Womack.!! 

If the data given in Fig. 6 of the paper are replotted, time lag 
against the reciprocal of water speed, as suggested by Smolar, 
they will be found to be in a straight line, probably within the 
accuracy of the original data. 


H. A. Roinick.4® The time lag of distant-reading ther- 
mometers of the pressure-spring type is the sum of the time lag of 
the sensitive element proper and the time lag in the transmission 
of pressure changes from the sensitive element to the pressure- 
responsive element such as Bourdon spring. The former time 
lag will first be discussed. 

The value of the time-lag constant given in the paper can be 
derived from a consideration of the bulb structure and heat- 
transfer rates. The following equation has been derived on the 
basis that the temperature throughout the entire bulb is the 
same. 

For a cylindrical bulb 


_ web 
where 
L = time-lag constant, as defined in the paper 
W = density of bulb material 
C = specific heat of the bulb (average value) 
D = diameter of bulb 
H = heat-transfer rate, from fluid to bulb 
Equation [10] has been approximately verified by a con- 


siderable number of tests. From this equation, it is readily 
seen that the time lag of the bulb increases directly as the di- 
ameter of the bulb as shown in Fig. 7 of the paper. 

Another interesting feature of this equation is the dependencé 


* “Thermometric Lag of Aircraft Thermometers, Thermographs 
and Barographs,” by H. B. Henrickson, Bureau of Standards, Journal 
of Research, vol. 5, September, 1930, p. 695. 

© “Determination de la Temperature de |’Air Pendant les Essais 
en Vol,” by V. Smolar, Aeronautical Research Institute, vol. 6, 
no. 18, Prague, Czechoslovakia, p. 37. 

11 “Electrical Thermometers for Aircraft,’’ by J. B. Peterson and 
8S. H. J. Womack, National Advisory Committee for Aeronautics, 
Technical Report No. 606, 1937. 

12 Director, Trent Engineering Laboratories, Philadelphia, Pa. 
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of L on the heat-transfer rate of the bulb. For still air, H = 1 
to 2 per Btu per sq ft per deg F per hr; for oils H = 10; for 
water H = up to 50, depending upon the velocity of the fluids 
past the bulb. So we can have a fiftyfold variation in time lag, 
depending upon the velocity and nature of the fluid in which the 
bulb is placed. 

For the case where the bulb is placed in a separable socket, a 
similar derivation of L, the time lag, can be obtained. The 
following equation is based on a cylindrical bulb in a cylindrical 


socket. 
l 


Where subscript 3 refers to the bulb proper A, Fig. 16 of this 


Fig. 16 X-Secrion or BuLB AND Socket 


discussion, subscript 2 refers to space B, and C refers to the 
separable socket. 


w = density of bulb material 

= specific heat of bulb material 

= average diameter of section 

= heat-transfer rate from fluid to socket 
= thermal conductivity 

= thickness of space or socket material 


a 


Each of the terms in the parentheses of Equation [11] repre- 


is t 
hd Isp the 


surface resistance, between the socket and the fluid, the tem- 
t 

perature of which is being measured. The second term ( =) 
1%) 

is the resistance to heat flow, through the socket or sheath ma- 


terial. The third term ( _ 


through the space between the bulb and socket. 

Several interesting conclusions can be drawn from Equation 
{11}. 

1 The time lag increases with bulb diameter. 

2 Where B is air space, this is the largest factor in Equation 
[11] and contributes most to time lag. A typical set of values 
for the equation is as follows: 

For a #/;in-diam mercury-in-steel bulb placed in a steel 
sheath, having an inside diameter of °/i in. (1/sg-in-thick air 
space) and a wall thickness of '/, in. 


sents resistance to flow of heat. The first term 


is the resistance to heat flow 


(5) = 1250 (surface resistance) for bulb immersed in 


kid, 
() = 15,500 (air space resistance) 


Filling the air space with oil reduces the air-space resistance 
to 2000. 


rapidly flowing water 


= 14 (sheath resistance) 
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Filling it with mercury reduces the resistance of this space to 
180. 

A more complete analysis indicates that the time lag is only 
slightly affected by the superstructure of the bulb, such as the 
threaded portions of the upper part of the socket or sheath. 

Both formulas are based on the assumption that the tempera- 
ture of the fluid to be measured remains constant. But, when a 
cold bulb of considerable mass is placed in a hot fluid, the fluid 
adjacent to the bulb becomes cooler than that in the remainder 
of the fluid. This results in slower heat-transfer rates and, 
hence, an increase in time lag. This effect is greater for slow- 
moving fluids of low thermal conductivity. 

In distant-indicating thermometers, the time lag in transmis- 
sion from bulb to sensitive element is not always negligible. 
The magnitude of the delay depends upon the type of ther- 
mometer. 

For vapor-filled thermometer systems, using a long length 
(100 ft) of capillary tubing, several seconds may elapse for the 
temperature-sensitive element to indicate completely a pressure 
change at the bulb. This time increases with the length of 
capillary, with decreasing capillary diameter, with decreasing 
absolute pressures in the thermometer system. For recording 
purposes, this effect may be of slight importance but, for con- 
trol purposes, a knowledge of the magnitude of this delay is 
helpful. 

For liquid-filled systems, the pressure differences between 
bulb and sensitive elements, due to sudden increase of tempera- 
ture are quite high, and considerably greater than for vapor- 
filled systems. Hence, the delay in transmission will be less 
than with the vapor-filled systems. 

For gas-filled systems, there should likewise be some delay, 
although no investigation has been made of this up to the present 
time. 


CLOSURE 


The discussion shows considerable interest in the problem of 
thermometrie time lag and has added quite some valuable ma- 
terial to the original paper. Mr. Behar very vividly described 
the situation which was the impetus for the paper. This situa- 
tion seemed to the author to call for a simplified exposition of the 
problem; therefore, the paper is mainly based upon the funda- 
mental Newtonian law as applied to the bulb only, itself being 
considered as a simple body. 

Further, the original paper was to be restricted to industrial 
appliances which, in most cases, use permanently installed ther- 
mometers. Such installations also do not require high accuracy 
of time-lag measurement. 


From the point of view of the industrial producer, who has to 
work toward a minimum of cost, it may be just as wasteful to 
spend excessive effort on an accuracy beyond requirements as 
to waste material or to lower quality by insufficient accuracy. 

Out of these considerations, the author omitted to discuss com- 
posite time lag and, in order to visualize the thermometer re- 
sponse, he intentionally used plain coordinates instead of the 
semilog type, which had been suggested from several sides. 

Since the discussions have expanded the paper from a “‘primer”’ 
into a kind of symposium on time lag, the author is very glad 
to acknowledge the excellent and interesting chart, Fig. 14, con- 
tributed by Mr. Behar and also Mr. Rolnick’s calculation of bulb 
time lag from the physical constants of the bulb. 

Messrs. Boelter and Martinelli no doubt could expand their 
electrical analogy to the composite time lags. The bulb behavior, 
as described in Appendix 2, should also be susceptible to mathe- 
matical formulation based upon the physical constants of the 
bulb. 

An investigation of the characteristics of ‘“‘secondary” time lags 
would be a next step. Harper® discusses the time lag of a (‘fully 
immersed”) Beckman thermometer, in which the secondary time 
lag has substantially the same character as the bulb time lag. 
Industrial glass thermometers have secondary time lags of a dif- 
ferent character, caused by heat conduction to the case and scale 
tube. In the first case, we have substantially radial heat flow, 
and in the second, longitudinal heat flow through variable cross 
sections, with the added complication of ambient-temperature 
effects. 

A theoretical discussion and formulation of secondary time 
lags would help in the more exact measurement of time lag and 
should also suggest means of improving thermometer design. 
One general rule for design is obvious, namely, secondary time 
lags should be kept as small as possible. 

The author agrees with both Dr. Brombacher and Mr. Behar, 
that plotting on semilog paper is the most suitable method for 
accurate investigation of time lags, especially where secondary 
effects are present. Fig. 14, in Mr. Behar’s discussion, shows 
clearly the advantage of this method in indicating a secondary 
time lag. 

For average industrial installations, however, the method 
proposed in the conclusion of the paper will be sufficiently ac- 
curate and has the advantage of requiring a minimum of time. 

The author concludes with the hope that some fellow engineer, 
who is not too greatly occupied in defense work, will be able to 
consolidate and enlarge upon the material of this ““symposium;” 
no doubt he will have the cooperation of all the foregoing eon- 
tributors. 
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Vaporization Inside Horizontal Tubes 


By W. H. McADAMS,' W. K. WOODS,? ano R. L. BRYAN? 


This paper reports an investigation carried out to deter- 
mine the changes in the coefficient of heat transfer for the 
evaporation of a liquid flowing inside a heated horizontal 
tube. For this research, a semiworks apparatus was con- 
structed, consisting of 48 ft of standard 1-in. copper pipe, 
provided with 12 individual steam jackets, steam traps, and 
condensate lines. In the benzene runs, the velocities 
ranged from 0.26 to 1 fps at the inlet and 80 to 240 fps at the 
outlet; in the water runs, the corresponding values were 
0.27 to 0.85 and 205 to 540 fps. With moderate temperature 
differences, as the fluid is progressively vaporized, the local 
over-all coefficient at first increases, goes through a maxi- 
mum, and then decreases sharply toward values typical of 
superheating dry vapor. Such “‘vapor-binding” is attrib- 
uted to insufficient liquid to wet the wall, small droplets 
of liquid being carried down the center of the tube, as 
observed at the entrance to the glass return bend. With 
high temperature differences, the type of vapor-binding 
previously observed when boiling liquids outside sub- 
merged tubes, where (due to excessive temperature differ- 
ence) a vapor film insulates the tube wall from the bulk of 
the liquid, was encountered. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
hyve = average film coefficient for entire boiling section, Btu per 
hr per sq ft of inside surface, divided by the length-mean 
temperature difference from inner wall to fluid inside of 
the tube 
p = cumulative weight per cent of feed vaporized, based on 
cumulative heat transferred and feed rate 
P = gage pressure on steam header, psi 
= local heat flux, Btu per hr transferred in an individual 
jacket, divided by 0.88 sq ft of inside surface of copper 
tube 
U = local over-all coefficient g/A divided by difference (deg 
F) between saturation temperature of steam and tem- 
perature of fluid. In the boiling section, temperature of 
fluid was taken as saturation temperature 
Uyve = average value of U for boiling section, based on length- 
mean temperature difference 
W = = feed rate, Ib per hr 


INTRODUCTION 


Vaporization of liquids inside tubes is of such industrial impor- 
tance that considerable experimental research has been devoted to 
measuring heat-transfer coefficients under such conditions. The 
usual method of reporting the results of such investigations has 
been to base the heat-transfer coefficient on the “apparent” tem- 


* Professor, Chemical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. 

_? Technical Division, Engineering Department, Experimental Sta- 
tion, E. I. du Pont de Nemours & Co., Wilmington, Del. 

* Technical Division, Rayon Department, E. I. du Pont de Ne- 
mours & Co., Seaford, Del. 

Contributed by the Process Industries Division and presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1940, of Tux 
AMERICAN SoctETY OF MECHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society, 


perature difference. For steam-heated apparatus, the apparent 
over-all temperature difference involves the condensing tempera- 
ture of the steam and either the outlet temperature of the par- 
tially vaporized liquid or an average of the inlet and outlet tem- 
peratures. Where tube-wall temperatures have been measured 
by thermocouples, the length-mean wall temperature may be 
substituted for the condensing-steam temperature in order to ob- 
tain apparent “film temperature differences.” Although appar- 
ent over-all or film coefficients are of great value to the designer, 
who usually knows only the apparent temperature difference, 
they can safely be used only when design conditions are almost 
identical with those used in obtaining the data. Thus, the use of 
a longer or shorter tube might cause considerable variation in the 
effective temperature difference and capacity without affecting 
the apparent temperature difference. 

Some investigators (1, 2, 3, 4, 5)* have reported “‘true’”’ tempera- 
ture differences obtained by means of a traveling thermocouple 
which measures the temperature of the fluid at various distances 
along the inside of the tube; the true temperature difference being 
taken as the length-mean average of the local temperature differ- 
ences between the inside wall and the fluid.§ 

Since the fluid velocity may vary by several hundredfold during 
passage through the tube, a large variation in the local heat- 
transfer coefficient throughout the length of the tube would not 
be unexpected. Even if heat-transfer coefficients based upon 
true temperature differences and total heat flux in the boiling 
section are known, the designer still does not know whether these 
same coefficients would prevail with a different heated area. 

The principal object of the work to be described in this paper 
was to study the variation in local heat-transfer coefficients in a 
semiworks apparatus in which large percentages of the liquid 
feed were vaporized. The results obtained when boiling pure 
benzene and pure water are given. An analysis of the pressure 
drops, and the results obtained when boiling mixtures of benzene 
and lubricating oil will be published subsequently. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus used in this investigation was a special semi- 
commercial evaporator, Fig. 1, consisting of four horizontal 12-ft 
lengths of copper pipe, 1-in. standard pipe size, connected in series 
by glass return bends. Each copper pipe carried three separate 
steam jackets, 3 ft 2 in. long. Condensate was collected sepa- 
rately from each of the twelve steam jackets in order that changes 
in the rate of heat transfer along the pipe could be measured. 
Dry steam from a cyclone separator was supplied to the jackets, 
as shown in Fig. 1. The vapor-liquid mixture leaving the last 
pass was separated, the vapor condensed at atmospheric pressure, 
and the two liquid streams continuously mixed and returned by a 
pump through an orifice to the first pass. An over-all heat bal- 
ance could be obtained from the rate of condensation of steam 
and the rate of flow and temperature rise of the water in the con- 


‘4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

5 T. B. Drew has reported that insertion of a metal thermocouple 
with a rough surface inside of a vertical steam-heated glass tube re- 
sulted in radical changes in the boiling action, minimizing superheat 
and causing boiling to commence earlier in the tube than when the 
couple was absent. Such a phenomenon should not be encountered 
in commercial tubes where the additional nuclei for bubble formation 
offered by the thermocouple are small in number compared with the 
numerous nuclei along the metal wall. 


545 


: 
: 
| 
: 
a 
4 
a 
& 
al 
A 
; 
A 


and checked by means of a heat balance in those runs where the 
liquid was completely vaporized. Fluid temperatures were 
measured at the entrance to each pass. Pressure taps were pro- 
vided near the end of each pass, and pressure drops across each 
pass and the preceding bend were measured by mercury-water 
differential manometers. At the midpoint of each jacket, two 
thermocouples were embedded in the top and bottom of the outer 
wall of the copper pipe. Dropwise condensation of steam was 
promoted by the use of octylthiocyanate. To permit removal 
of noncondensable gases, a steam vent was provided at the top of 
each jacket, near the condensate outlet. 

A series of runs was made on commercial benzene, followed by 
a series of runs on benzene-oil mixtures and, finally, a series of 
runs on distilled water. High-speed photographs of the glass 
return bends were taken by stroboscopic light during some of the 
runs on water. 

During the initial runs on benzene, the thermocouples in the 
tube wall read so nearly like the condensing-steam temperature 
that the film heat-transfer coefficients were almost identical with 
the over-all heat-transfer coefficients. Consequently, the ther- 
mocouple readings were dispensed with during the remainder of 
the runs on benzene, in order to reduce the length of the run and 
the possibility of variation in steam pressure during the run. 
The runs on boiling water were started 3 months after the initial 
runs on boiling benzene; during the intervening time the thermo- 
couples were impaired to such an extent that their operation dur- 
ing the runs on boiling water was unsatisfactory. One observer 
could record all temperatures, pressures, and orifice readings, 
while a second operator collected the steam condensates. The 
twelve condensate streams were collected almost simultaneously 
by starting the collection from each line at 5-sec intervals. After 
steady operating conditions had been maintained for 20 min, the 
actual test period lasted less than 10 min. 

The operation of the apparatus was characterized by fluctuating 
flow in the glass return bends, accompanied by fluctuations of all 
readings, except the rate of flow of water through the condenser. 
Reported readings represented a visual time average over the 
space of several seconds. The saturation temperature of the 
fluid, corresponding to the observed fluid pressure, varied over 
smaller limits than did the observed fluid temperature. Hence, 
all temperature differences in the boiling section were based upon 
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Fig. 1 DiaGram or Four-Pass Evaporator 
(This diagram shows pressure taps ?, thermometers 7, tube-wall thermocouples tw, Pyrex-glass return bends, and twelve steam jackets. 
denser. The feed rate was determined by means of an orifice the saturation temperature of the liquid, although the observed 


temperatures were usually within 1 C of the saturation tempera- 
ture. The observed temperatures fluctuated over a range of as 
much as 3 C or more. 
From the steam-condensate readings and the known tempera- 
vture and pressure of the fluid, the cumulative weight per cent p 
of the feed vaporized, up to and including any specified jacket, 
was calculated. The local over-all coefficients U in Btu per hr per 
sq ft per deg F, were calculated by dividing the heat flux in each 
jacket by the difference between the saturation temperature of 
the steam and that of the liquid. 


RESULTS AND Discussion OF RuNs ON BoILING BENZENE 


The results of three representative runs on boiling benzene are 
shown in Figs. 2, 3, and 4. In Fig. 2, it is noted that the rate of 
heat transfer prior to boiling is high, due to the high temperature 
difference. In the boiling section, the heat-transfer coefficient 
starts at 290 in jacket No. 3, passes through a maximum of 710 in 
jacket No. 9 (in which the cumulative weight per cent of the feed 
vaporized p had increased from 55 to 70), and then decreases to 
about 60 in the last jacket, where p was 95 percent. The initial 
increase in the heat-transfer coefficient might be ascribed (a) to 
the increasing temperature difference in the later jackets, due to 
pressure drop, or (b) to the increase in the cumulative weight per 
cent of the feed vaporized.* 

The run illustrated in Fig. 3, was taken at a higher steam pres 
sure than that of the run illustrated in Fig. 2, at approximately 
the same feed rate. Consequently, 67 per cent of the feed was 
vaporized in the first three jackets and the fluid leaving jacket No. 
8 was superheated vapor. It is noted that jackets Nos. 4 and/7, 
which immediately follow a return bend, gave rates of heat trans 
fer and heat-transfer coefficients considerably higher than ob- 
tained in the adjacent jackets. It is also noted that jackets Nos. 5 
and 6 gave heat-transfer coefficients substantially the same 4 
obtained when dry benzene vapor was being superheated in 
jackets Nos. 8 to 12, inclusive. 


¢ That the increase in the heat-transfer coefficient is not due solely 
to increasing temperature difference is best proved by reference t 
data (6) on boiling benzene-oil mixtures, in which a similar increase i” 
the heat-transfer coefficient with increase in the cumulative per ce®' 
vaporization occurred despite a decreasing temperature difference 
the benzene was boiled out of the oil. 
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(Decrease in U beyond p of 70 is caused by vapor-binding, due to insufficient 
liquid to wet the wall.) 
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Fie.3 Data anp CatcuLaTep VALUES For Run No. B-9 on 
ZENE, WITH STEAM AT 28 Ps! GAGE 


(Return bends preceding jackets Nos. 4 and 7 result in increased rates of heat 
transfer in these jackets.) 


These two runs are typical. It was generally observed that, 
when the cumulative per cent vaporization became too high, the 
heat-transfer coefficients decreased rapidly in magnitude to 
values approximating those for warming vapor, despite the pres- 
ence of small amounts of liquid in the stream, Fig. 2. This phe- 
nomenon represents a form of “vapor-binding,” due to the pres- 
ence of insufficient liquid to wet the walls of the pipe. It was also 
generally observed that a jacket immediately following a return 
bend gave abnormally high coefficients under those circumstances 
where the tube wall would otherwise be vapor-bound, Fig. 3. 
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Fic. 4 Data anp CaLcuLaTep VALUES FoR Run No. B-1l on 


BENZENE, WitTH aT 64 Pst 


(Low values of U are caused by vapor-binding due to excessive temperature 
difference. Capacity of apparatus is less than when using steam at 28 psi 
gage, Fig. 3.) 


This phenomenon apparently results from the whirling of liquid 
droplets against the tube wall as the fluid passes around the bend. 
The operation of jackets Nos. 4, 7, and 10 was not abnormal when 
(a) only small cumulative percentages of the feed had been vapor- 
ized, or (b) when the feed had been completely vaporized. This 
beneficial effect of return bends indicates that the insertion of 
twisted metal ribbons (known as “whirlers’’) inside the tube 
should serve to minimize vapor-binding as large cumulative per- 
centages of the feed were evaporated. 

As shown in Fig. 4, when high steam pressures were used (64 
psi gage, or greater) the heat-transfer coefficients were reduced to 
an average value of less than 100 for the entire boiling section. 
This is the type of vapor-binding encountered when boiling under 
natural convection outside of horizontal tubes at high tempera- 
ture differences, where a vapor film insulates the tube wall from 
the bulk of the liquid. Vapor-binding when boiling inside of 
tubes can be due (a) to excessive cumulative per cent vaporiza- 
tion, or (b) excessive temperature differences. 

The operating variables and the over-all results of all of the 
runs on benzene are summarized in Table 1. The work with ben- 
zene was intended primarily to high light the field. In order to 
check the reproducibility of the data, a large portion of the runs 
were taken at low steam pressures. There are five runs at high 
steam pressures and only four runs at intermediate steam pres- 
sures (10 to 50 psi gage). 

The over-all heat balances, corrected for losses, showed an 
average deviation of 3'/, per cent for all of the runs on benzene. 
The heat balances were less satisfactory during those runs where 
the total heat transfer was small; a maximum deviation of 19 per 
cent occurred in run No. B-13 where the total heat transferred 
was only 60,000 Btu per hr, or an average of only 5700 Btu per hr 
per sq ft of heated area. 

Fig. 5 presents the coefficients for the boiling section for all runs 
taken at steam pressures of from 1.2 to 2.1 psi gage. At the be- 
ginning of boiling, the heat-transfer coefficients are approxi- 
mately 300, independent of feed rate. However, the maximum 
heat-transfer coefficient, and the corresponding cumulative per 
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TABLE 1 RUNS ON BOILING BENZENE? 
(Steam used in all twelve jackets in all runs)> 
Start of Start of 
Weight boiling superheating 
Feed Feed Steam Heat¢ Inlet Outlet per cent section, section, Pressure 
Run rate, temp, pressure, transfer, velocity, velocity, of feed per cent per cent drop, 
no. Ib per hr Cc psi gage Btu per hr fps fps vaporized of jacket of jacket em hits 
B-6 1010 54.5 114.0 136000 0.94 175 66 20.1 
B-3 990 52.5 108.0 161000 0.92 220 82 24.4 
B-2 906 45.0 12.7 183000 0.84 240 100 10 of J 2 50 of J 12 37.4 
B-4 1080 55.8 1.9 149000 1.00 185 66 20.8 
B-7A 1030 58.5 146000 0.95 190 73 
B-11 818 64.0 141000 0.76 190 87 8 8 23.0 
B-10 689 44.5 34.0 152000 0.64 200 100 50 of J 1 60 of J 9 26.7 
~B-9 710 45.0 28.0 157000 0.66 210 100 50 of J 1 1l0of J8 32.0 
B-8 750 45.7 13.4 157000 0.69 205 100 End of J 1 50 of J 10 33.2 
B-1 615 42.5 1.5 125000 0.57 170 100 40 of J 2 50 of J 12 20.2 
B-5 650 47.0 1.5 122000 0.60 165 96 eee 8 8 > wren 17.4 
.B-7 700 45.5 1.2 127000 0.65 170 91 os er 17.4 
.B-14 713 44.0 124000 0.66 160 85 18.0 
B-1A 704 47.5 1.6 129000 0.65 165 91 8 20.9 
B-4A 674 51.5 i 127000 0.62 180 100 80 of J 2 90 of J 12 19.6 
B-6A 720 48.0 131000 0.67 175 92 19.1 
B-12 448 45.5 74.0 87000 0.42 120 98 te Se er 9.3 
B-2A 434 41.0 1.6 91000 0.40 120 100 20 of J 2 40 of J9 iy 
B-5A 453 46.0 1.8 92000 0.42 130 100 30 of J 2 70 of J9 12.3 
B-13 289 37.5 70.0 60000 0.27 80 100 70 of J 1 70 of J 12 4.6 
B-3A 282 36.0 1.8 60000 0.26 81 100 80 of J 1 10 of J6 5.7 


@ Refer to Bibliography (6). 
+ Inside heated area of copper pipe = 0.88 sq ft per jacket. 
¢ Based on steam-condensate measurements. 
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(Maximum local coefficients are obtained at critical values of p, but size of 
maximum coefficient and critical p are affected by feed rate.) 


cent vaporization, depended upon the feed rate, being 940 and 45 
per cent, 700 and 55 per cent, and 540 and 60 per cent when the 
feed rates were 1050, 680, and 390 lb per hr, respectively. The 
first run taken in the apparatus (run No. B-1, shown by triangles 
in Fig. 5) yielded abnormally high coefficients which could not be 
duplicated in subsequent runs. In Fig. 5, arrows are used to 
designate data taken from jackets Nos. 4,7, and 10 (immediately 
following a return bend) when the cumulative per cent vapor was 
greater than 60 per cent. 
Fig. 6 shows the coefficients of Fig. 5 plotted against the aver- 
, age linear velocity, arbitrarily taken as the geometric mean of the 
calculated velocities entering and leaving that section, deleting 
the data shown by triangles and arrows in Fig. 5, and adding data 
for sections where vaporization started. If the curves of Fig. 5 
are compared, it will be found that, in the range of p from 55 to 
70 per cent, the coefficients are complicated functions of the feed 


rate, the highest coefficients being obtained at the intermediate 
feed rate. This difficulty is overcome in Fig. 6, where, at the 
lower velocities the coefficients are independent of the feed rate 
and, at the higher velocities, higher coefficients are consistently 
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obtained with the higher feed rates. However, Fig. 6 sheds no 
light on the point where vapor-binding, due to excessive cumula- 
tive vaporization commences, i.e., there does not seem to be a 
critical velocity, independent of feed rate, which is sufficient to 
sweep the liquid from the wall of the tube. 

The results of all runs taken at feed rates of approximately 700 
lb per hr and various steam pressures are presented in Fig. 7. 
At low cumulative per cent vaporization the highest heat-transfer 
coefficient was obtained when using a steam pressure of 13.4 psi 
gage, corresponding to an over-all temperature difference of 26 C. 
Critical temperature differences of this same magnitude have been 
obtained (7) when boiling benzene in natural convection evapo- 
rators heated by submerged horizontal tubes. At high cumulative 
per cent vaporization, higher temperature differences (resulting 
from the use of higher steam pressures) increase the extent of 
vapor-binding. The beneficial effect of return bends is strikingly 
illustrated by those points which are designated by arrows in 
Fig. 7. 

At low rates of heat transfer, the precision of measurement be- 
comes poor because the condensate resulting from heat losses 
from the apparatus becomes a substantial fraction of the total 
steam condensate. At feed rates of about 700 lb per hr, the heat- 
transfer coefficients averaged 70 in the superheating section, 
although the actual coefficients in the superheating region varied 
from 57 to 107. Predicted coefficients (8) for superheating ben- 
zene vapor at this feed rate are about 80. 

Heat-transfer coefficients obtained for preheating the benzene 


ran from 2 to 4 times as large as those predicted (8) for the warm- ~ 


ing of liquids in turbulent flow inside of pipes. These abnormally 
high coefficients may be due (a) to increased turbulence resulting 
from temporary vaporization in the superheated film adjacent to 
the hot wall, followed by condensation in the bulk of the stream 
of liquid, and (b) to the turbulence resulting from the surging 
flow inside the tubes, superimposed upon that which would nor- 
mally exist in steady flow. 


RESULTS AND DiscussION oF Runs ON BorLiInc WATER 


The operating variables and the over-all results of all of the 
runs on water are summarized in Table 2. The first five runs 
were made using water which had been left in the apparatus 48 hr 
and was turbid and red with rust. The system was then drained 
and flushed with distilled water, the inside of the copper pipes 
was thoroughly swabbed with pieces of cloth wrapped around a 
wire brush, and two check runs were taken using fresh distilled 
water. Use of rust-free water and freshly cleaned tubes (run No. 
W-6) gave the same results as run No. W-2 with rusty water; run 
No. W-7 with clean water gave somewhat higher coefficients than 
run No. W-5 with rusty water. ; 


The over-all heat balances, corrected for losses, showed a 
maximum deviation of 8 per cent and an average deviation of 3 
per cent; the heat flux and the coefficients were based on the 
steam-condensate readings. The local over-all temperature 
difference for each jacket in the boiling section was taken as the 
difference between the saturation temperature of the steam and 
that of the liquid. During the final water runs, the steam supply 
was cut off from the first three to six jackets; this technique pro- 
vided a check on the operation of the individual steam jackets by 
varying the number of heated jackets preceding any one jacket. 

Of special interest in Table 2 are the first four runs, all taken at 
substantially the same feed rate and steam pressure, but with a 
varying number of heated jackets. Six heated jackets (run No. 
W-10) transferred 308,000 Btu per hr; increasing the heated area 
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Fic. 8 Prior or Locat Heat-TrRaNsFreR COEFFICIENT VERSUS 
CUMULATIVE WEIGHT PER CENT VAPORIZED FOR ALL RuNS ON WATER 


(Vapor-binding occurs at high hee p due to insufficient liquid to wet 
awalls.) 


by 50 per cent (run No. W-9) resulted in the transfer of 376,000 
Btu per hr, an increase of only 22 per cent in the heat transfer. 
Increasing the heated area from six to twelve jackets increased 
the heat transfer from 308,000 to 425,000 Btu per hr, an increase 
of only 38 per cent. As can be seen from Table 2, in these four 
runs, an increase in heated length increased the pressure drop and 
decreased the temperature difference; the average coefficient for 
the boiling section changed but little. 

During the runs on water the amount of condensate collected 


TABLE 2 RUNS ON BOILING WATER? 


Average 
boiling 
Weight coefficient, 
Feed Feed Number Steam Heat¢ Inlet Outlet per cent Average Btu per sq ft Pressure 
Run rate, temp, heated pressure, transfer, velocity, velocity, of feed boiling per deg F drop, 
no.b Ib per hr Cc jackets psi gage Btu per hr fps fps vaporized At, C per hr em Hg 
W-5 (r) 9 88.3 12 23.4 423000 0.75 410 41 14.3 1630 44.3 
W-7 (c) 1022 81.5 12 21.7 426000 0.78 400 39 12.6 1940 49.1 
W-9 (r) 1110 87.0 9 21.2 376000 0.85 380 32 16.1 1760 31.8 
W-10(c) 935 85.9 6 22.1 308000 0.71 310 31 20.5 1700 19.8 
Ls (r) 1037 88.2 12 11.4 227000 0.79 230 20 1400 20.4 
-13(e) 696 74.4 6 (64) 4 552000 0.53 540 77 (42) (1370) 42.8 
wage’, 672 79.3 6 35.1 465000 0.51 470 67 26.6 10 33.4 
wa (ce) 685 78.5 12 10.3 245000 0.52 250 33 9.2 1450 17.7 
wi (r) 690 80.8 12 10.5 244000 0.53 260 33 9.2 1450 18.5 
Waar 674 82.4 9 10.1 200000 0.51 205 27 10.3 1560 12.5 
Won’ 348 63.1 6 (79)4 358000 0.27 400 (57) (620) 22.2 
Wat 425 66.7 12 20.8 417000 0.32 460 95 18.2 1220 32.5 
-1 (r) 372 65.5 12 9.7 273000 0.28 300 69 9.4 1600 16.8 


: Refer to Bibliography (6). 
} (r) and (c) refer to rusty and clean feedwater, respectively. 
y on steam-condensate measurements. 


uring the two runs at steam pressures above 60 psi gage, the operation of the pressure 
te estimated from the thermocouple readings, may be in error by as much as 5 


erence in these two runs. 


gace was unsatisfactory and the condensing-steam temperature, 
; but this error is only about 10 per cent of the over-all temperature 
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from jacket No. 6 was consistently lower than that in either of the 
adjacent jackets. Even when steam was not supplied to the first 
three jackets, jacket No. 6 (which was then the third heated 
jacket) gave less condensate than jackets Nos.5or7. It was con- 
cluded that the conditions for heat transfer in jacket No. 6 were 
not as favorable as in the adjacent jackets, possibly due (a) to a 
partial blocking of the air vent, or (b) to a partly clogged con- 
densate drain line which caused the lower part of the tube to be 
immersed in condensate. Accordingly, all data from jacket No. 6 
have been deleted from the subsequent correlations, except that 
the actual rate of heat transfer in jacket No. 6 was used to calcu- 
late the cumulative vaporization in subsequent jackets. 

The local over-all coefficient of heat transfer in the boiling 
section is plotted in Fig. 8 versus the cumulative weight per cent 
of the feed vaporized, for all of the runs on water. The feed rate 
ranges from 58,000 to 185,000 Ib per hr per sq ft of cross section, 
corresponding to inlet velocities of 0.27 to 0.85 fps. Arrows are 
used to designate data taken on a jacket immediately following a 
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Fie.9 Pitot or AVERAGE HEAT-TRANSFER COEFFICIENT IN ENTIRE 
Section Versus Totat Per Cent or FEED VAPORIZED, 
AND COMPARISON WITH SimILaR Data TAKEN AT UNIVERSITY OF 
MrcuiGAn (5) in A VERTICAL TUBE 


return bend when the cumulative vaporization was in excess of 
60 per cent. 

In Fig. 8, over a range of cumulative per cent vaporization 
from 2 to 70 per cent, the coefficients fall in a band of points hav- 
ing a maximum deviation of about 25 per cent from the average 
coefficient at any given value of p. At vaporizations of less than 
10 per cent, the higher steam pressures (about 24 psi gage) give 
coefficients higher than the lower steam pressures (about 10 psi). 
This beneficial effect of increasing temperature difference fades 
out as higher cumulative vaporization is encountered, and the 
heat-transfer coefficients increase with increase in p and go 


through a flat maximum at about 40 per cent vaporized. At high . 


values of p the heat-transfer coefficients decrease to well below 
1000. Based on meager data in this range, the coefficients ob- 
tained when using higher temperature differences (resulting from 
the use of higher steam pressures) are lower than when using 
lower temperature differences. This increase in vapor-binding at 
high cumulative vaporization is similar to that obtained with 
benzene, Fig. 7. 

In confirmation of the results obtained on water are the data of 
Stroebe, Baker, and Badger (5) who boiled water under various 
pressures inside a 1.76-in. vertical copper tube, 20 ft long. 
Mass velocities ranged from 14,400 to 126,000 Ib per hr per sq ft 
of cross section, corresponding to inlet velocities of 0.065 to 0.58 
fps. However, the heat-transfer coefficients (based on an average 
temperature difference as measured with a traveling thermo- 
couple) were correlated in terms of physical properties of the 
liquid and the temperature difference, independent of feed rate, 
except as varying the feed rate varied the mean temperature 
difference and, hence, the average liquid temperature. Film 
heat-transfer coefficients for boiling water varied from 1160 to 
2640. 

When Stroebe plotted his heat-transfer coefficients versus the 
temperature difference, for a given feed rate and discharge pres- 
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sure, he observed that high coefficients were obtained at the low- 
est temperature differences, that the heat-transfer coefficient went 
through a minimum at 8 to 10 F, and that further increases in 
temperature difference resulted in an increase in the coefficient. 
The high coefficients at low temperature differences may be 
specific to low temperature differences, or may possibly result 
from (a) smali errors in measuring the temperatures, which would 
cause a large percentage error in the small temperature difference, 
or (b) the use of a length-mean temperature difference, despite a 
variation in local heat-transfer coefficient along the tube. For 
purposes of comparison with the data of this paper, in which 
temperature differences below 14 F were never employed, the 
coefficients obtained by Stroebe when boiling water at 200 F have 
been plotted in Fig. 9, versus the total per cent of the feed vapor- 
ized, arbitrarily deleting all coefficients based upon temperature 
differences of less than 3 F. On the same plot are shown the data 
of this paper for the boiling section of all runs on water, calculated 
as average coefficients (cf. Table 2) by dividing the total heat 
flux in the boiling section by the length-mean temperature 
difference. 

Both sets of data plotted in Fig. 9, indicate a decrease in the 
heat-transfer coefficient as the discharge end of the tube becomes 
vapor-bound, due to excessive cumulative vaporization. In 
fact, Stroebe observed that as the fluid left the tube, under some 
conditions (particularly high over-all temperature difference), 
all of the liquid seemed to be carried as a spray up the center of 


Fic. 10 HiGuH-Speep PHoroGrRapH oF RetTuRN BeEnps aT Enp oF 
First AND THIRD Passes 


(Taken between surges at a feed rate of 530 lb of water per hr and a steam 

pressure of 20 psi gage. Calculated cumulative vaporization equals 8 per 

cent of feed [by weight], in first return bend [at the left] and 47 per cent in 

third. Note quiet liquid layer in bottom of first return bend. A cardboard 

background was placed behind return bends. Photograph taken by Pro 
fessor H. E. Kdgerton with exposure of 1/100,000 sec.) 


PHOTOGRAPH TAKEN A Few Seconps AFTEk 
PHOTOGRAPH SHOWN IN Fia. 10 


(Photograph taken during a antes Se first ee bend by Professor H. E. 
gerton. 
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the tube, “suggesting that the film became thinner near the top 
and. . .disappeared entirely, leaving part of the tube surface dry.”’ 
It is important to note that, although the last part of the tube 
surface may be badly vapor-bound, the average heat-transfer 
coefficient for the entire boiling section may still be quite high. 

Stroebe’s coefficients at low vaporization run higher than those 
obtained in the horizontal tubes. While this may in part be due 
to the comparison of film versus over-all coefficients, it is more 
probably due to the difference in vertical and horizontal tubes. 
When only small percentages of the feed had been vaporized in 
the horizontal-tube apparatus, observation of the glass return 
bends showed that the liquid phase was carried as a separate 
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Fie. 12) Data TAKEN aT THE UNIVERSITY OF MicHIGAN (5) WHEN 
Boruinc Water aT Fiurp DiscHarGe Pressure OTHER THAN 
ATMOSPHERIC 


(Vapor-binding at high cumulative vaporization causes decrease in average 
coefficient at high total vaporization.) 


layer, moving at low velocity and filling only a fraction of the 
horizontal tube. Occasional surges resulted in an intimate mix- 
ture of liquid and vapor which completely filled the tube. This 
intimate mixture prevailed steadily at higher vaporization, even- 
tually giving way to a spray of liquid drops suspended in a 
stream of vapor. This phenomenon is illustrated in Figs. 10 and 
ll. In the range AB of Fig. 9, it is quite possible that the bene- 
ficial effect of increasing the per cent vaporized in horizontal tubes 
is largely due to an increase in the fraction of the wall wetted, as 
an intimate mixture of liquid and vapor replaces the liquid layer 
which in earlier jackets filled only a fraction of the tube. 

The data of Stroebe (5) at pressures other than atmospheric, 
Fig. 12, also suggest the existence of vapor-binding at high cumu- 
lative vaporization, for no coefficient greater than 1500 was ob- 
tained when the total vaporization in the tube was greater than 
70 per cent. 

Tube diameter apparently is not important when boiling liquids 
outside of horizontal pipes (9), but it may be very critical when 
boiling liquids inside of horizontal pipes because of its possible 
effect on the character of flow. Thus, with a low entering veloc- 
ity, in a 4-in-diam horizontal pipe, stratification of liquid and 
vapor might persist to far greater cumulative vaporization, 
whereas, in '/;-in-diam horizontal pipe, appreciable stratification 
might never occur. 


CONCLUSIONS 


For pure liquids entering at low velocities and boiling inside 
horizontal tubes the following conclusions are drawn: 

1 Vapor-binding, accompanied by a decrease in the local over- 
all coefficient of heat transfer, can be caused by excessive cumula- 
tive per cent vaporization when using moderate temperature 
difference (Figs. 2, 5, and 8) or by excessive temperature differ- 
ence at moderate per cent vaporization, Fig. 4. 

2 With moderate temperature difference, as the cumulative 
per cent vaporization increases, the coefficient at first rises, then 


goes through a maximum and decreases sharply; in the latter 
range the effect of a return bend is beneficial in increasing the 
coefficient in the jacket immediately following. 

3 With excessive temperature difference, equal to or somewhat 
greater than that required to produce the maximum coefficient, 
the surface becomes vapor-bound, and an increase in cumulative 
weight per cent vaporized is not beneficial and may be detri- 
mental, Fig. 7. 

4 In the boiling section, the fluid stream, immediately follow- 
ing the return bend, is at substantially the saturation tempera- 
ture corresponding to the pressure. 

5 In the superheating section, the coefficients are of the same 
order as those predicted from the accepted equation for heating 
gases. 

6 In the preheating section the coefficients are considerably 
higher than those predicted for warming liquids; this may be 
due to local boiling followed by condensation in the bulk of the 
stream of liquid, and to the surging flow inside the tube. 
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Victor J. Skoaiunp.’? The authors analyze pressure-drop 
data under the assumption that the pressure drop has only two 
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components: (a) wall friction, and (b) change in kinetic energy. 
In the flow of media of more than one phase of different den- 
sities, the different phases will have different velocities, and 
therefore, there will be a transfer of momentum between phases. 
A transfer of momentum between particles, having different 
velocities, results in a loss of mechanical energy. This loss of 
energy adds another component to the pressure drop. 

The equation of motion of a liquid particle evaporating in a 
pipe is very complex. The equation should include the follow- 
ing terms: 

1 A force term due to the pressure gradient. 

2 A force term due to the relative velocity between liquid 
and vapor phases. This is the component discussed by the 
writer. 

3 A momentum term due to the changing velocity of the 
particle. 

4 Amomentum term due to the changing mass of the particle. 


AutuHors’ CLOSURE 
The analysis of the pressure drops is to appear in a paper to be 
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presented at a subsequent meeting of the Society. The friction 
losses were calculated from the observed pressure drops in each 
of the last three passes, allowing for the changes in kinetic energy 
due to changes in the mass and velocity of both vapor and liquid. 
It was assumed that the friction loss could be correlated by an 
equation of the Fanning type, without allowance for the unknown 
slip between the vapor and liquid. 

In the range where the cumulative vapor generation exceeded 
20 per cent by weight, the friction factors so obtained were inter- 
mediate between the usual friction factors for one-phase isother- 
mal flow, corresponding to Reynolds’ numbers for all liquid, and 
all vapor, respectively. The reasonable values of these apparent 
friction factors suggest that friction, arising from the transfer of 
momentum between vapor and liquid phases, is of minor impor- 
tance under the conditions of the experiments described. 

In the range where the percentage of feed vaporized was small, 
and where separation by gravity into two continuous phases 
sometimes occurred (as shown in Fig. 10 of the paper, at the end 
of the first pass), the pressure drops were too small to warrant 
any conclusions. 
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Recommended Code of Procedure for Fatigue 
Testing of Hot-Wound Helical 


Compression Springs 


By C. T. EDGERTON,' NEW YORK, N. Y. 


This paper gives the recommended procedure for fatigue 
testing hot-wound helical compression springs in com- 
plete detail, so that any competent research technician, 
with only an elementary knowledge of spring theory, can 
successfully carry out a program of fatigue tests on helical 
springs, with practically no other guidance than the in- 
structions laid down in the Code. This has been proved 
by actual trial. 

The test procedure is planned to develop a complete 
S-N diagram for each group of variables, instead of merely 
an endurance limit. In the actual plotting of the S-N 
diagrams, the Committee has developed a technique based 
on probability theory, which has been included in the Code 
recommendations. The type of formula used is assumed. 
The precision measurements and test methods prescribed 
in the Code permit the computation of relative stresses in 
the test springs to a high order of accuracy. 

It would seem reasonable to assume that there is a 


HIS code has been prepared for the guidance of the 

Special Research Committee on Mechanical Springs in 

the conduct of fatigue tests on heavy helical springs. It 
is the result of experience gained from a considerable number 
of such tests which have been conducted in recent years, under 
the sponsorship of the Committee. 


PurRPosE oF TESTS 


As the test procedure laid down in the code is quite definitely 
standardized, it cannot be considered as applicable to every 
variety of investigation into helical-spring endurance. In gen- 
eral, it is intended to cover tests on such variables as grade of 
material, heat-treatment, amount of cold-working, effect of sur- 
face finish and (to some extent) variations in the absolute and 
relative dimensions of the springs. 


Size oF Test Sprincs 


Except where the variable investigated is a dimensional one, 
the recommended size of the test springs is as follows: 


Dimensions Design A Design B 
D = GAMO. 6 in. 41/2 in. 
l-in. rd 3/q-in. rd 
pitch as coiled 1!/2 in in. 


Design A is preferred, provided the fatigue machine available 


is of sufficient size and strength to handle it; otherwise use de- 
sign B. 


‘Manager, Bureau of Statistics, Crucible Steel Company of 
America, Ine. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of Tae AmeRICAN SocigeTY OF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


mathematical equation representing the S-N relation, the 
formulation of which awaits an exact determination of 
the statistical laws controlling the formation and propa- 
gation of fatigue cracks. The Committee feels that a 
studied guess at the correct form of equation is a con- 
structive move. If results indicate that the guess is ap- 
proximately correct, the use of such a formula has the 
important advantage that without it the research consists 
of a series of successive approximations to the correct 
value of the endurance limit, a quantity obviously im- 
mune to exact measurement. In testing helical springs, 
this procedure is very tedious and expensive, on account 
of the slow speeds to which we are limited. On the other 
hand, if the test data are fitted to a probable S-N dia- 
gram, every observation makes a considerable contribu- 
tion to the correctness of the graph, and only one or two 
of the runs need be prolonged beyond 1,000,000 cycles of 
stress. 


It is recommended that the endurance tests be planned to de- 
velop a complete stress-endurance curve, rather than merely a 
value for the endurance limit. Therefore, the free height of the 
test springs should be varied so that a suitable range of test 
stresses can be applied. The simplest practical method to obtain 
this range of stress in the test springs is to specify the desired 
pitch to which the individual springs in the test set should be 
wound. The maximum and minimum values for pitch previously 
given are satisfactory for most grades of material. 


SELECTION OF MATERIAL 


The standard test set consists of fourteen bars 1 in. rd by 
111 in. long, for design A; 3/,in. rd by 83'/2 in. long, for design 
B. The chemical composition should approximate the mean 
values for the grade. History of the heat should be known, in- 
cluding character of melt, pouring temperatures, and details of 
processing. 

The recommended metallurgical tests are described in a later 
section; but certain of these tests should be conducted at the 
time of selection of the heat, to insure representative material. 
They are: 


Check analysis 

Surface inspection 

Examination for decarburization 
Penetration-fracture determinations 
Microexamination 

McQuaid-Ehn test 

Magnaflux tests on finished springs 


Two of the bars should be held for tension tests and metal- 
lurgical examination, and as stock for pilot pieces in control of 
heat-treatment; leaving twelve bars to be made up into springs. 


Oh 


ND 


TAPERING AND CoILING 
Spring bars should be roll-tapered on both ends: Design A to 
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a length of 117'/, in., with points !7/« in. thick; design B to a 
length of 88 in., with points '%/., in. thick. These taper dimen- 
sions are estimated to produce the standard tapered bearings of 
three quarters of a coil, after grinding 1/64in. from each end of the 
spring. 

For coiling, the springs should be heated rapidly and uniformly 
to a temperature of 1800 to 1900 F, and not allowed to soak. All 
practicable precautions should be taken against decarburization. 
Coiling should preferably be done on a preheated mandrel. 
Springs should be slow-cooled after coiling. 


— 


Fic. 1 Group Letrer SeRIAL NuMBER STAMPED ON FLaT 
oF TAPERED-SPRING END 


It is suggested that each group of springs be assigned an identi- 
fying letter, and that the individual springs in each group be 
serially numbered from 1 up. The group letter and serial number 
should be cold-stamped on the flat side of each tapered end, Fig. 1. 


Heat-TREATMENT 


Springs should be heated in a controlled-atmosphere furnace 
to the recommended temperature for the grade, allowing about 
60 min for design A, and 45 min for design B, total time in the 
furnace. They should be withdrawn from the furnace on a rising- 
temperature gradient, and immersed as rapidly as possible in a 
bath of high-grade quenching oil (Houghton Soluble, Atlantic 
Matchless, Rodmanol, or equivalent). If the bath is not me- 
chanically agitated, springs should be kept in motion therein for 
at least 30 sec after immersion. The bath should be warm enough 
to be entirely fluid, but at no time should exceed 125 F. 

Springs should then be drawn to the approved drawing tem- 
perature for the grade, preferably in a liquid bath or, as second 
choice, in an electrically heated furnace. With the liquid bath, 
the draw time (at temperature) should be 60 min for design A, 
or 45 min for design B; for any other medium, somewhat more 
time is recommended. After withdrawal from the draw medium, 
the springs should be immersed in cool oil, until they are no more 
than “hand-warm.” 

To check the results of the heat-treatment, one of the two spare 
bars should be cut into pieces about 5 or 6 in. long. These should 
be wired to the springs, and accompany them through the treat- 
ment. Brinell hardness tests on these pilot pieces should then 
give readings of 400 to 430, for most standard spring grades. 
Bending and fracture tests are also recommended on some of the 
pilot pieces, if facilities are available. 


PRELIMINARY GRINDING 


Both ends of each spring should then be ground in a chuck 
to give the springs an absolutely stable bearing, and to make them 
stand not more than 1/, in. per ft out of perpendicular. No more 
than the minimum amount of grinding required to accomplish 
these results is recommended. Further grinding, after the solid 
tests, will usually be necessary. 


PRELIMINARY TESTS . 


Each spring should be compressed solid a sufficient number of 
times to put it into an approximately cyclic condition. For 
springs of high initial pitch, a large number of compressions is 
required to remove practically all “permanent set.” It is sug- 
gested that the solid compressions be applied in sequences of five, 
and the free height measured after each sequence. When two 
successive measurements differ by less than 1/3, in. the test can 
be considered complete. The number of tests required will be 5 
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to 10 for low-pitch springs and up to 25 or 30 for the higher 
pitches. 


GRINDING 


Each spring should then be reground on both ends so that it 
seats firmly on a level surface, and stands not more than 3/¢ in. 
out of perpendicular. 


CALIBRATION TESTS 


Each spring should then be given a load-deflection test in an 
accurate testing machine. Following are the steps recommended 
in detail: 

Apparatus. The apparatus used consists of the following: 


1 Testing machine, preferably of the screw type. It should be 
of approximately 10 to 25 tons capacity for design A, and 5 to 15 
tons for design B. 

2 A depth-gage micrometer, L. S. Starrett catalog, No. 124, 
or equivalent, for taking the height readings. 

3 A deep-jaw micrometer of proper size for measuring outside 
diameters. 

4 A round-nose or needle-point micrometer: and 

5 A vernier caliper, both for measuring bar diameters. 

6 Two round or square bearing plates, about 3 in. larger than 
the outside diameter of the spring, not less than 1 in. thick, ma- 
chined, hardened, and ground true flat and with parallel faces. 


Procedure. Prick punch one bearing plate at its approximate 
center and, from this center, scribe several circles, the smallest 
of these being about the same diameter as the spring. Scribe a 
diametral line through the center; the two intersections of this 
line with the outer circle are the datum points for the height 
measurements. The outer circle should be of about the minimum 
diameter that will permit ready manipulation of the micrometer. 
The other circles will aid in visual centering of the spring on the 
bearing plate. 

Mount the bearing: plate, with the spring centered thereon, in 
the approximate center of the testing-machine bed, with the 
datum points oriented for maximum convenience in taking height 
measurements. Place the other bearing plate on top of the 
spring. Compress the spring solid at least twice, with a scale 
load about 25 to 50 per cent in excess of that necessary to effect 
visual contact between adjacent coils of the spring. Measure the 
free height of the spring, between bearing plates, at the two datum 
points, designating the two measurements as “right” and “left,” 
respectively. 

Apply successive loads in increments of 1000 lb for design A, 
or 500 lb for design B, measuring and recording the heights under 
each load, at the two datum points. The final load increment 
should be at about '/, in. to '/; in. above solid height. Compress 
the spring solid with loads as indicated, and measure the solid 
height. Release the spring with successive decrements of load, 
using the same loads as in compression, and measure the heights 
at each load. Remeasure the free height after the spring is fully 
released. 

Care should be exercised not to overrun (or underrun) the de- 
sired load. If an overrun or underrun is accidently made, measure 
and record the actual load and corresponding heights. Do not 
attempt to run back to the intended load reading, as this will 
inevitably cause an inaccuracy in the height readings, due to the 
hysteresis effect. 

Remove the spring from the machine, and measure the outside 
diameter over a semicoil, in six positions, with the deep-jaw 
micrometer. The spring should be rotated slightly between suc- 
cessive measurements, so that these are in different diametral 
planes. These measurements must be corrected to perpendicu- 
larity with the axis of the spring, as described later. 
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Measure the bar diameter in six places. Three of these should 
be perpendicular to the spring axis (one at each end and one about 
the center of the spring). These measurements can conveniently 
be made with the round-nose micrometer. For low-pitch springs, 
it is sometimes necessary to omit the measurement at the center, 
owing to the impossibility of inserting the micrometer between 
the coils. The other three measurements should be parallel to 
the spring axis; again, one near each end and one at the center. 
For these the vernier caliper is most convenient. 

By way of illustration, a specimen log of one of the Committee 
tests is shown in Table 1. The spring is of design B. It is recom- 


TABLE 1 CALIBRATION TEST OF SPRING G-5 


———Compression Test—— Release Test 


Loads Right, Left, Average, . Right, Left, Average, 
in. in. in. in. in. in. 
Free after 
twice solid, lb 8.158 8.169 8.164 8.145 8.162 8.154 
500 7.795 7.799 7.797 7.740 7.743 7.742 
1000 7.441 7.443 7.442 7.351 7.354 7.353 
1500 7.107 7.107 7.107 6.984 6.986 6.985 
2000 6.764 6.767 6.766 6.632 6.636 6.634 
2500 6.414 6.415 6.415 6.290 6.292 6.291 
3000 6.152 6.153 6.153 5.947 5.951 5.949 
3500 5.693 5.692 5.692 5.617 5.616 5.617 
4000 5.334 5.336 5.335 5.312 5.314 5.313 
Solid 5.213 5.213 5.213 


Outside-diam measurements: 4.561, 4.573, 4.555, 4.555, 4.563, 4.550— 
average = 4.560 
Size - of - bar measurements: 0.741. 0.737. 0.736, 0.748, 0.748, 0.743— 
average = 0.742 


CALCULATION OF CONSTANTS 


D «= outside diameter of half 4.560 in. 
154 — 1.113 
p approximate pitch = —— 1.280 in. 
M = mean helix diameter = (3.818)? — (0.640)%........ 3.764 in. 
S- = fiber stress per 1000-lb load (conventional formula) = 
1000 x 3 23464 psi 
spring index 0 742° 5.0728 
k = Rover-Wahl correction factor. . 1.3053 
Sw = fiber stress per 1000-lb load (with Rov er-Wahl correc- 
P. = capacity (read from graph).. .. 4165 Ib 
maximum fiber stress solid “(conventional formula) = ’ 
POM Be resets 97730 psi 
maximum fiber stress solid (with Rover-Wahl correction) 
| MAXIMUM STRESS SCALE (WITH ROVER-WAHL CORRECTION) 
10. 30,000 50,000 TAG 90.000 110,000 130,000 150,000 
MAXIMUM STRESS SCALE (CONVENTIONAL FORMULA) 
| 
+ + t + + + 4 
| 
2 Wie | | 
| 
| Ss, | 
2 YW } 
=x ie 


SIZE OF BAR ~0.742 IN. & ~ 
MEAN HELIX DIAM ~ 3.764 IN. Ser’ 
FS. 1000-LB LOAD 


6.0} (CONVENTIONAL FORMULA) 23,464 PSI S 
WITH ROVER-WAHL CORR TION) - W,628 PSI 

SOLID HEIGHT 5.213 IN. 

CAPACITY . SOLID 4165 LB 

7,730 PSI 
WITH ROVER WAHL CORRECTION)~ 127,508 PSI 


0 500 1000 1500 3500 = 4000 4500 5000 


2500 3000 
LOAD, POUNDS 


Fie. 2. Loap-Deriection Grapn, Sprinc G-5 


mended that the averages of the two readings under each load be 
tabulated as the test progresses, since by this means any serious 
error in the test readings may instantly be detected. A well- 
made helical spring will show rather close to “straight-line” com- 
pression. Usually, with a high-pitch spring, the increments of de- 


flection tend to increase slightly; with a low pitch they decrease 
somewhat. 


The next step is to compute the stress scale of each spring, so 
that the load corresponding to the maximum desired stress in the 
fatigue test can be determined. The steps of the calculation are 


d = size of bar (average of previous six measurements) 
D = outside diameter of one-half coil (average of measure- 
ments) 


(free height — 1'/2) X d 
total coils — 2 
approximate pitch can be scaled from the spring 


or the 


p = approximate pitch = 


M = mean helix diameter = ~/ (D — d)* — (p/2)? 
S. = fiber stress per 1000-lb load (conventional formula) 
1000 x M 
0.3927d? 
c = spring index = M/d 
k = Rover-Wahl correction factor = —— 
4c — 4 c 
S. = fiber stress per 1000-lb load (with Rover-Wahl correc- 


tion) = kS, 


It is recommended that a graphical presentation of the calibra- 
tion test be made. The standard form used by the Committee is 
illustrated in Fig. 2. The test figures plotted are those given in 
Table 1. 


ASSIGNMENT OF STRESSES FOR FaTIGuE TEST 


In the Committee’s experience, it has not been found necessary 
to test as many as twelve springs in order to establish a satis- 
factory stress-endurance curve. It has been the practice to with- 
hold several springs from the fatigue test, and to use them for pre- 
cision tests to establish and check design formulas and constants. 
Therefore, it is recommended that three springs (No. 1, the high- 
est, No. 6 or 7, and No. 12) be set aside for the purposes referred 
to. If it is found that the nine remaining springs are insufficient 
for the purpose of the fatigue tests, they can be supplemented by 
one or more of the three extra springs. 

Obviously no exact instructions can be given for assignment of 
test stress to each of the nine springs, as it is not known in ad- 
vance how great a total range the stresses may have to cover. 
For plain carbon steels in which the maximum fiber stress solid 
in the highest spring is about 130,000 to 140,000 (with the Rover- 
Wahl correction), the first assignments may be 108,000 psi to 
No. 2, 100,000 to No. 3, and 92,000 to No. 5. 

Further assignments will depend upon the endurance shown by 
these three springs. As an illustration, Table 2 gives the exact 
procedure used in assigning stresses for the Committee’s group G 
springs. 


TABLE 2 ASSIGNMENT OF STRESSES FOR GROUP G SPRINGS 
Stresses assigned, psi Cycles to failure 

G-2 108000 
G-5 92000 
G-7 84000 

G-2 141900 

G-5 338700 

G-7 428000 
G-9 80000 
G-10 76000 

G-9 568600 

G-10 999300 
G-11 78000 
G-13 74000 

G-11 1334200 

G-13 2137500 

(unbroken) 
G-3 120000 
G-6 100000 

G-3 95200 

G-6 169100 


In the assignment of test stresses, it will be helpful to bear in 
mind that the stress at which the springs will run 1,000,000 
cycles is usually 3000 psi to 5000 psi above the endurance limit. 

It is highly important that the stresses, assigned to the various 
springs, bear a general relationship to the maximum fiber stress 
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solid. While the relationship need not and cannot be mathe- 
matically constant, the Ligher test stresses should not be as- 
signed to the springs of lower solid stress. 

The higher solid stresses are produced by removal of perma- 
nent set, i.e., by cold-working the springs; and this cold-working 
has a marked effect on the endurance. The ideal condition for 
the tests would be a group of springs with graded solid stresses, 
produced without cold-working; but this is obviously impossible. 
The logical alternative is to maintain a relation between the test 
stress and the solid stress, and so between the test stress and the 
cold-working effect. 

The individual test stresses having been assigned, the test loads 
are calculated therefrom, by the formula 


0.3927kd*S.. 
M 
Each spring is then compressed under its test load in a testing 


machine, and the height accurately measured with the micrometer 
height gage. The springs are then ready for the fatigue test. 


Conpuct oF FatTicuE TEST 


The machine used for the fatigue test should be of sturdy and 
rigid construction, so that the cyclic deflection impressed on the 
springs will be accurate and uniform. Speed should not be so 
high, nor the stroke so great, as to cause impact stresses. Geared 
presses of the type suitable for this work usually run about 40 to 
70 strokes per min, and the higher speed is not excessive for the 
purpose. A stroke of not more than twice the spring deflection is 
believed to be satisfactory. If possible, the machine should be 
equipped with a screw adjustment in the spring support, so that 
the rig can be accurately adjusted to give the desired deflection to 
the spring. 

To set up a spring for the test, the machine is turned over until 
the ram is at the lowest point of its stroke, and the screw adjust- 
ment manipulated until the distance between ram and spring sup- 
port corresponds to the “height under test load,” described in a 
previous section. The ram is then raised, the spring mounted on 
the support, which should be shouldered to position the spring 
centrally under the ram, the machine again turned over to its 
lower center, and the compressed height of the spring checked. 

The revolution counter is then set to zero or the initial reading 
recorded, and the test run started. The run on each spring should 
be as nearly continuous as is practicable. The machine on which 
recent Committee tests have been conducted is equipped with a 
photocell, which shuts down the machine when the spring breaks, 
so that practically no attention is required during the test run. 

Almost any helical spring, in the course of a fatigue test, will 
suffer a slight change in rate, particularly during the first few 
thousand cycles of stress. It is therefore recommended that the 
spring be removed from the fatigue machine and the height under 
test load remeasured, say, after 5000 cycles, and again after 10,000 
cycles, and finally after 25,000 cycles. At each of these stages, the 
machine should be reset to the new height reading; which, on the 
first recheck and usually on the second as well, will be a few 
thousandths under the previous figure. 

The test is then continued until the spring fails, or has run 
1,500,000 to 2,000,000 cycles. Usually no good purpose is served 
by any longer run than this; and with proper assignment of 
stresses, no more than one or two springs in the group need be 
run more than 1,000,000 cycles. 


ANALYSIS AND Report or TEsTs 


The primary object of the test is to establish a complete 
“stress-endurance curve” for the material represented. Such a 
curve, in addition to its scientific interest, is of considerable prac- 


TABLE 3 CALCULATION FOR PROBABLE S-N CURVE; GROUP EF 


| NS | ¢* | ns* 

95.2] | | 1 110 412 80 
| sare! a2 | 3886784] | bba ice 
_£-7 | @8 | b47827328) 2180 T1040 


134684.00 baoo 1.348 800 00 
6b 1900 boas [sb 


A+ = 134297) - 125492040 = + 88457 bo 
Be = 39198! = 204442155 


CG = 112 = + 6499321 
= (28)* = - = - 4904 
. bb a 10° 
< 


+ 


BUI + Loosss 


Ke 7 


= 144beb 


N/e> | Mer | He? 
Xeints | 190.b4 | rece | 1768 
te 14201 | 4380] | 
er bo hee BB Thee 
ge | 6.16 | Dee | \ceee | 1580 

Crude See | 31994 


130 


\ | 


PROBABLE FORMULA OF CURVE: | 
(N-40.30)(S 75.60) = 1996.06 
BOTH $ AND N IN THOUSANDS Baud 


110 +4 
2 110 LEGEND: 
NNDICATES TEST RUNS TO FAILURE | | | 
3 INDICATES RUNS DISCONTINUED | | | | 
BEFORE FAILURE 
T | 
z | 
| || 
90 
N | 
a ° | 
> 
ua OV 
75.60 
| 
| | | 
60 
104 10% 10° 


CYCLES TO FAILURE 


Fie. 3 Fatiaug Tests at Wricut Fie_p or Hot-Wounp HELIcat 


ComPREsSION SprinG; Series E, Piarn-CarBon Evecrric 
tical value to the spring industry. In many (perhaps most) 
spring applications, the design stress exceeds the endurance limit. 
This is often permissible because the failure of the spring does not 
constitute a catastrophe; therefore the consumer is interested in 
longest spring life per dollar of cost, rather than unlimited life 
regardless of cost. Therefore, the comparative life at stresses 
above the endurance limit becomes very important. 

Hence, the first step in analyzing the test results is to plot them 
graphically. It is customary to use a semilogarithmic cross- 
section chart for this purpose, plotting stresses as ordinates 
(Cartesian scale), and cycles to failure as abscissas (logarithmic 
scale). If the tests have been carefully planned and carried 
out, the results should give an indication of a smooth curve, which 
approaches a horizontal (stress) asymptote. The latter can 
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logically be interpreted as the endurance limit of the material 
tested. 

There is considerable evidence for the theory that the general 
stress-endurance curve for ferrous metals can be represented by 
an equation of the form 


(S — b)(N — a) =k 


where, S represents stress values and N values for number of 
cycles of stress before failure. Symbols b and a are, respectively, 
horizontal and vertical asymptotes to the curve. 

A study made by the Committee has developed equations for 
the probable values of a and }, in terms of the summed values of 
the S and N observations and functions thereof. The equations 
are conveniently stated in terms of the following intermediate 
values: 

—n=NS 
ZNINS — n=N°S 
ZSINS — n=NS? 
(ZN)? —n=N?* 
(=S)? —nzS? 


n being the number of pairs of observed values used in the summa- 
tions. The final equations are 
AB — CD b C — aE 


¢ = A! — DE A 


NS — — + nab 
n 


k 


The derivation of these equations is given in full in the Ap- 
pendix of this paper. As an illustration of the method, the analy- 
sis for one group of springs (group EZ) tested by the Committee is 
shown in Table 3. Fig. 3 shows the graphical plot for the same 
group, and the probable stress-endurance curve. 


SpeciaL Tests ON SprinGs WITHHELD From Faticue TrEsts 


The details of tests made on these springs vary from time to 
time as particular problems of spring design are brought before 
the Committee and selected for examination. Typical of such 
problems are: 

Number of inactive coils in a helical compression spring. 

Eccentricity of effective loading in a helical compression spring. 

Obviously no definite recommendations can be made for the 
conduct of such special tests. 


SuPPLEMENTARY PuysicaL AND METALLURGICAL TESTS 


It will usually be desirable to make a fairly complete metal- 
lurgical examination of the material, together with the usual 
physical tests. The following list should cover the ground quite 
thoroughly, and can sometimes be abridged more or less, de- 
pending upon the importance of the material under test. 

Already mentioned as preferably to be collected in advance of 
the fatigue tests are the following: 


(a) Heat history, covering melting and processing practice. 
(b) Chemical composition, including determinations on car- 
bon, manganese, phosphorus, sulphur, silicon, nickel, chromium, 
and any other alloys which are known or believed to be present. 
(c) Inspection of bars for surface defects. 
(2) File test for decarburization on finished springs. 
©) Microexamination on samples from control coupons, at 
750 magnification, both transversely and longitudinally, for 
decarburization, nonmetallic inclusions, etc. Penetration- 
fracture tests; McQuaid-Ehn tests. 
(f) Magnaflux tests on the finished springs. 
(9) Hardness tests on control coupons. 
The following additional tests are made on suitable specimens 


cut from control coupons which have accompanied the springs 
through the heat-treatment: 

(h) Tension test for the usual physical characteristics, to be 
conducted in substantial accordance with A.S.T.M. Specifications. 

(t) Torsion test for yield point, proportional limit and modu- 
lus of rigidity. 

(j) Impact test on both notched and unnotched specimens. 

(k) Rotating-beam endurance tests. 

It must be admitted that much of the data resulting from the 
foregoing tests cannot as yet be correlated with current results 
of the fatigue tests on the springs. It would seem that some 
correlation must eventually be found. If not, it would mean that 
we must go farther afield, in search of some physical tests or other 
indexes which bear a definite relation to the spring endurance. 

Back of the professed object of the endurance test lies the ulti- 
mate goal of defining the qualities in a spring steel which make 
for high endurance values in the springs. Bearing this in mind, 
the function of these miscellaneous tests, as a necessary part of 
the program, is apparent. 


ppendix (i) 


Development of equations forthe most probable values of the 
constants and Kin the equation 


aden a sernes of pairs of observed values of x and 4, subject te 
vyandom obsefvational errors 
\t well bbe assumed that the most probable Values are such 
as te satisfy the equation 


"= Minimum 


where values of K' ave ebtaned ay substituting the successive 
of olbsevved values 4’) un the equation 


(x'-a = 


Vertorming the substitution, and dropping the marks For 


Convenience, we 
= minimum 
and low Arffevential calculus 
0 


or 


0 
Differentiating (1) with vealpect te a in turn 

(xy = 0 (2) 

= (xy -bx -ay +ab-«)(x-a) =o @) 

= (xy -ex -ay+ale-h) (4) 


From(x) sabi y nxb=0 (5) 
From (a) Exy-bix-aZy +nab-nk =o 


being the numleer of paws of obsefved Values in the summation 


Kk = xy bEx +a*Zy — (4) 


=x. -ne 


From (6) 


Frem(7)  K= + nab 


From(s)and(ic) xy*- ZnbExy-naZy*+ ZnabzZy + 


nabZy-nbExy +nb Ex +nabZy-n’ab™ (11) 
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-a(ExZy-nZxy) 


Fer conYenience we write 
As -nExy 
B = Exexy-nZxy 
C = EyExy-nExy™ 


BD = (Ex) ~ 
= (£y)*- 


Then from (12) and (14) b= (is) 
Clearing (18) CD-aDE& = AB-aA™ (6) 
_ AB-cp 
a a A*-DE 


Tre value of b can then be determined from (15) 


The value of K can then be determined from (10) 


Discussion 


G. V. Pickwe.u.?. The author has presented clearly and 
simply an accurate and positive method of establishing the rela- 
tive fatigue value of any steel suitable for use in this type of 
application. The following discussion is intended in no way to 
detract from the value of this method of procedure but, if pos- 
sible, to enhance the value of these tests from a practical stand- 
point. 

Preparation of Specimens. Care in the preparation of speci- 
mens for a laboratory test is always important, especially where 
any new material is to be compared, under the most favorable 
conditions, with other materials which have been tested under 
like conditions. However, the writer feels that it would be en- 
tirely too costly to handle production springs in the manner 
described by the author, especially, as pertaining to the method 
of grinding, compressing, repressing, and regrinding. 

Assuming then, that in the production of springs on a com- 
mercial basis, considerably less accuracy and care would be per- 
missible, it can safeiy be assumed that fatigue values obtainable 
would be somewhat lower than those resulting from the author’s 
methods. Allowances then, should be made in the use of results 
obtained by these methods. 

Effect of Creep in High-Pitch Springs. In the preparation of 
specimens, the procedure described by the author requires that 
springs be wound to various pitches, which results in various 
solid stresses. This procedure, as admitted by the author, has 
a “marked effect on the endurance” of the springs. Therefore, 
why not eliminate this variable either by testing all of the springs 
on a “not-pressed”’ basis in which the disturbing element of cold 
work would not be present, or winding them all to the same pitch 
before pressing, wherein the effect of cold work would be con- 
stant? Various test stresses could be produced by varying the 
stroke of the test machine or varying the number of active coils 
in the test specimens where a variable stroke is not available. 

Effect of Hysteresis. Hysteresis in a spring, as evidenced by 
the load-deflection curve, has a marked effect upon the accuracy 
and results of a fatigue test. This is especially true of a spring 
made with an extremely high pitch and subsequently subjected 
to cold working by compressing solid. It should be given some 
consideration here. The author mentions this phenomenon 
and suggests a method of compensating for it during the test 
but makes no recommendation for correcting it. The writer 
has found that “‘bluing’’ after pressing, i.e., drawing at 550 to 
600 F, for 30 min, has a very beneficial effect in reducing the 
hysteresis lag and change in load due to cold work. This should 
also help to eliminate the effect of these variables on the endur- 
ance of the specimens. 

Plotting Results. For a long time, it has been a recognized 


2 Spring Engineer, Delco Products Division of General Motors 
‘Corporation, Dayton, Ohio. 
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fact that most endurance-test results follow rather closely a 
logarithmic curve. The plotted results of such a test usually 
approximate a straight line on a graph of logarithmic values in 
both directions. The writer plotted the results of the example 
given by the author on full log-log paper and found that the 
points lie more nearly on a straight line than they do on the 
curve as plotted on semilog paper. Any radical departure 
from this straight line very definitely indicates a stress of infinite 
endurance. 

Incidentally, it indicates a lower endurance limit than that 
determined by the author’s method. This is because the curve 
should coincide more nearly with the minimum values obtained 
in the test rather than represent an average of all the values. 

Effect of Hardness. Another variable not recognized in this 
paper is the effect of final hardness of the steel on the fatigue 
life of the springs. Hardness will affect the endurance under 
load in at least two ways: 


1 The solid load stress, as pressed, will increase with increase 
in hardness. It is generally recognized that endurance limits 
rise in some proportion to rising physical properties. From 
this, it would appear that the maximum endurance limits could 
be obtained by hardening the springs to their maximum safe 
hardness. This is true within certain limits. The endurance 
limit, as determined experimentally and under ideal conditions, 
might be the highest obtainable in a spring of, say, 50 C Rockwell, 
yet the springs might be dangerously brittle under conditions of 
shock loading or “impact loading,” as mentioned by the author. 
The fatigue life above the endurance-limit stress might also be 
much less than if a softer material were used. It is quite evident 
then, that extreme hardness should be avoided except where 
high stresses are necessary and very smooth operation is possible. 

2 Working in the opposite direction, the softer the steel is 
the more cold work it can stand, in pressing, without danger of 
breaking. This permits bringing into play a greater proportion 
of the cross-sectional area, hence a greater load-carrying ca- 
pacity with lower surface fiber stresses, as compared to a much 
harder material. The advantage of this set of conditions is that 
steel of inferior quality, as related to minor surface defects, 
scratches, decarburization, etc., may be used more safely than 
an extremely hard steel. 


Therefore, conditions of design and type of service will largely 
dictate the hardness requirements most suitable for each par- 
ticular application. 

If space is limited and working conditions are free from im- 
pact and shock, it might be advisable to use comparatively high 
hardness where necessary to impose higher stresses. Extra care in 
eliminating surface and other defects should then be exercised. 

If working conditions are more severe and ample space is 
provided, a lower hardness may be used and the springs given 
considerable cold work in pressing. This will require more ma- 
terial for the job but cheaper steel and cheaper manufacturing 
processes may be suitable. 


Cart Toumm™.* The lucidity with which the author presents 
the testing procedure and the method of calculating results will 
undoubtedly improve the situation of obtaining comparable 
data from different sources. 

The form of the S-N equation is such, that if N = a, S becomes 
infinite. This is obviously extrapolation carried to extremes and 
should be definitely guarded against. To be sure that there is no 
misunderstanding, the curve should properly be drawn with 4 
horizontal section at the maximum-stress reading from 0 cycles 
up to the curved portion, as shown in Fig. 4 of this discussion. 

We agree with the author that the S-N data provide an oppor- 


8 Design Engineer, Power Circuit Breaker Division, Philadelphia 
Works, General Electric Company. Mem. A.S.M.E. 
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tunity for balanced design. By its use it is possible to employ 
stresses higher than the endurance limit, which not only saves 
cost as stated, but reduces the space required. This may make 
& saving much more important than the difference in spring 
costs alone. Many applications to apparatus already designed 
or even in the hands of the user would be impossible if every 
factor reducing the space requirement were not employed. 

While the S-N curve supplies a derating factor which reduces 
the available stress as the number of operations increases, it is 
possible in many cases to improve this factor and, therefore, 
the space-cost efficiency, by taking advantage of the stress- 
range factor. This often makes it possible to use the highest 
stress with the highest number of cycles. In a large proportion 
of applications the spring is not used from its free length to its 
minimum usable compressed length, but starts with an initial 
load which in many cases is a large proportion of its final load. 
If P, is taken as the final load and P, the initial load, then the 
stress-range ratio R = (P,: — P,)/P: When P,; = 0, the S-N 
curve described in the paper obtains. As P; increases, R decreases 
and § decreases. Fig. 5 of this discussion shows a family of 


curves added to the original curve and plotted from data‘ ob- 
tained from a manufacturer of springs. To get the full benefit 
from S-N investigations, the code of procedure should be en- 
larged to call for testing for several values of initial spring 
compression. 

AvuTHOR’s CLOSURE 

Mr. Pickwell’s comments are very pertinent, and bring out 
clearly some conditions which are well worth attention. Con- 
sidering them in detail: 

Preparation of Specimens. The writer disagrees with Mr. 
Pickwell’s remarks only to the extent that he does not believe 
the special care used in preparation and calibration of the speci- 
mens, and the conduct of the tests, would perceptibly increase the 
endurance values obtained, as compared with commercially 
made springs. What this special procedure accomplishes is the 
insurance of highly consistent and reproducible test results, of 
peculiar importance in plotting and interpreting an S-N diagram. 

Effect of Creep. Mr. Pickwell’s suggestions do not seem prac- 
tical. The trouble is that the endurance limit, for the type of 
springs tested at Wright Field, is 70,000 to 75,000 psi or more; 
and at “solid” stresses ranging upward from 80,000 to 85,000 
psi permanent set is noted, of magnitude increasing very rapidly 
as the solid stress increases. Therefore it is impossible to apply 
a graded series of fatigue-test stresses without encountering 
considerable permanent set in the more highly stressed springs. 

Then two courses are open: We could (a) coil all the springs 
alike, to develop a common (high) solid stress, or (b) follow the 
practice described in the Code. Procedure (6), being the one 
more nearly in accord with good design practice, is the recom- 
mendation. Procedure (a) would afford interesting comparisons; 
the S-N diagram would be quite different. Several isolated com- 
parisons, illustrating the point, were developed in the Wright 
Field tests. In every case, of two springs coiled to show different 
solid stress values but fatigue tested in a common stress range, the 
spring with the lower solid stress showed better endurance, in one 
case by a ratio of two to one. 

Effect of Hysteresis. Mr. Pickwell here opens up a fascinating 
subject. His statement as to the effect of “bluing,” i.e., a strain 
relief draw after testing, on the hysteresis loop, is quite correct. 
Some spring engineers are familiar with this phenomenon, but 
the only extensive discussion known to the writer is the article by 
L. E. Adams, the English authority, in the Carnegie Scholarship 
Memoirs for 1937. It includes a rather involved mathematical 
treatment, and quite a body of experimental results (on straight 
bars). 

A few fatigue tests made under the writer’s direction indicate 
that this strain-relief treatment does not materially improve 
the endurance. However, these results were not considered as 
conclusive. The method probably requires further development, 
and for this reason the writer made no reference to it in the Code. 

The other comments by Mr. Pickwell relate to specimen 
variables rather than to test procedure, and therefore are not 
within the scope of the paper. 

Mr. Thumim’s comments on extreme values represented by the 
S-N equations bring up a very interesting point. In the pre- 
liminary study as to the suitability of the formula 


(N —a) (S—b) =k 


for representation of fatigue data on ferrous metals, the test 
data examined were logged values from rotating-beam tests of 
about ten steels, as reported by Professor Moore from his work 
at the University of Illinois Experiment Station. In every case 


4 This information is based on a large number of tests made by the 
Hunter Pressed Steel Company, Lansdale, Pa. 
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examined the value found for the constant a was negative, that 
is, the equations all precicted a finite stress for zero cycles. The 
individual stress values, in all but two cases, fell roughly about 
midway between the elastic limit and the ultimate tensile 
strength. In the two exceptions the values were about equal to 
the ultimate tensile. 

Now the curious point is, that with all the springs tested at 
Wright Field, the S-N equation for every group, with a single 
exception, worked out to a positive value for a, i.e., the predicted 
stress was infinite for a positive number of cycles. The exception 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1941 


was a group of springs coiled cold from cold-drawn steel, and 
the test results on this group were peculiar in some other 
respects. 

The writer would like to have someone offer a plausible ex- 
planation of this phenomenon. He himself will not attempt to 
do so, but will merely call attention to the fact that it is almost 
impossible to break a really well made compression spring by a 
static compression test. Under extreme test conditions the 
spring may take an enormous amount of permanent set, but it 
will almost never fail by fracture. 
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Heat Transfer to Hydrogen-Nitrogen 
Mixtures Inside Tubes 


By A. P. COLBURN,’ NEWARK, DEL., anp C. A. COGHLAN,? BEACON, N. Y. 


This paper gives results of experiments in which data 
were determined on heat transfer to air, to nitrogen, and 
to eight mixtures of hydrogen and nitrogen, ranging from 
8.85 to 98 per cent hydrogen, flowing inside a steam- 
jacketed tube, 0.5 in. inside diam and 48.75 in. long. The 


h Sen)" 
CoG \ k 


versus =, with the value of ranging from 0.45 to 0.73. 


data were well correlated when plotted as 


The data checked heat-transfer data of Nusselt and showed 
deviation from friction analogies. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


C, = heat capacity of gas at constant pressure 
c = rate of collection of condensate, lb per hr 
D = inside diameter of tube 
f = friction factor in Fanning equation 
G = weight velocity of gas flow through tube 


h = gas-film coefficient of heat transfer 
h C 2/3 
j = heat-transfer factor = —— | —— 
\ k 


k = thermal conductivity of gas 

q. = heat of condensation = 970(¢ — 0.0258), Btu per hr 
Qa = heat gained by gas = w(,(t. — t:), Btu per hr 

t, = inlet temperature of gas, F 

fy = exit temperature of gas, F 

i, = steam temperature, F 

w = rate of air flow, lb per hr 

“u = viscosity of gas 


= function 
’ 
Prandtl’s number = 
Reynolds’ number = — 


Purpose OF INVESTIGATION 


Heat transfer to mixtures of hydrogen and nitrogen is becoming 
of increasing importance because large amounts of such mixtures 
are being processed in the manufacture of ammonia, and be- 
cause of the use of hydrogen and hydrogen mixtures as the 
cooling media in rotating electrical machines. Furthermore, the 
properties of gas mixtures containing hydrogen vary greatly from 
the ideal-mixture rule; and there is a good basis for doubt whether 
heat-transfer formulas, derived from single gases, can be applied 
to such mixtures. At the same time, the variation in properties 
suggests the possibility of verifying or disproving the equations 
in common use for the calculation of heat transfer. It was the 


‘ ' Associate Professor of Chemical Engineering, University of Dela- 
yare, 

* Chemical Engineer, The Texas Company. 

Contributed by the Heat Transfer Professional Group, and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1940, of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


purpose of this investigation, therefore, to obtain data on heat 
transfer to hydrogen-nitrogen mixtures and to use the results to 
study various heat-transfer formulas. 

This problem was attacked by Brunot (1)* who was particu- 
larly interested in hydrogen used to cool electrical machinery. 
He tested a commercial air cooler of the extended-surface type, 
using a mixture of 8.22 per cent nitogren in hydrogen, as well as 
air. From the results on air, values were predicted for the 
mixture, using proper values of properties for the mixture, and 
good agreement was shown with the experimental results. Bru- 
not made an extensive review of data on the physical properties of 
hydrogen mixtures from the literature and his results are given 
in Figs. 1 and 2. 
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PER CENT NITROGEN BY VOLUME 


Fic. 1 Properties oF HypRoGEN-NITROGEN Mixtures at 70 F 
AND 1 Atm ABs PrRessuRE, From Brunot (1) 


o7 
Z 
yh 

20 40 ec 100 


PER CENT NITROGEN BY VOLUME 


Fic. 2. Pranpti’s NuMBER AS A FUNCTION OF COMPOSITION FOR 
HyprROGEN-NITROGEN Mixtures, From Brunot (1) 


The property of chief interest is the Prandtl number, C,u/k. 
The value of this number for pure hydrogen and for pure nitrogen 
is practically the same 0.73. For mixtures of these gases, the 
Prandtl number is less than for the pure components, having a 
minimum value of 0.45 at about 70 per cent hydrogen. Most 
heat-transfer formulas, which have been generalized to hold for 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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both gases and liquids, include the Prandtl number. For gas 
mixtures, however, one might question whether the proper value 
to use is the Prandtl number of the mixture or some combination 
of the Prandtl numbers of the pure components. 

If the Prandtl number of the gas mixture is the proper value to 
use in heat-transfer formulas, then data covering a range of 
values of this number from 0.73 to 0.45 might make possible a 
selection of the best type of formula. Chilton (2) has shown a 
convenient comparison of the exponential-type relation with the 
theoretical relations of Prandtl (3) and of von Kdrman (4). 
These relations are different in the range of Prandtl numbers 
covered by these mixtures, and so the results should prove of 
great interest in testing these equations. 


DeralLs or APPARATUS USED 


The apparatus chosen for this investigation was of the gas-in- 
tubes type, inasmuch as it was felt that the most reliable results 
could be obtained in such an apparatus. A stainless-steel tube 
was used so that there would be no corrosion and change of sur- 
face conditions, and also because the low thermal conductivity 
of stainless steel would minimize heat conduction through the 
ends of the apparatus. At the same time the thermal conductiv- 
ity is sufficiently great to make the thermal resistance of the tube 
negligible for the transfer of heat tothe gas. The tube was steam- 
jacketed, the outer cylinder being glass so that the type of con- 
densation on the tube could be observed. The condensate from 
the tube was collected in a trough located inside the steam space 
and led outside the apparatus. The condensate on the glass 
jacket, resulting from radiation losses, was drained separately 
and discarded. This arrangement was made in the attempt to 
obtain good heat balances. Atmospheric steam was supplied to 
the jacket, and some steam was continuously vented at both ends 
of the jacket to insure that no air would collect. The steam-inlet 
pipe to the jacket is 1 in. diam and is located below the trough. 
These conditions permit a very low steam velocity into the ex- 
changer and at an elevation such that any moisture in the steam 
would not be carried into the trough in which the condensate 
from the tube collects. 


TABLE 1 DIMENSIONS OF TEST SECTION 


Stainless-steel tube Inches 
Inside diameter... ... 0.50 
Length of calming section.............ceecceececeeees 87.25 
Unheated length at outlet 6.75 
Distance between pressure 52.50 


The arrangement of the apparatus is shown in Fig. 3. A small 
blower was used to recireulate the gas, and coolers were inserted 
before and after the blower to bring the gas to room temperature 
at the entrance of the test apparatus. The rate of flow of the gas 
Was measured by an orifice meter constructed with throat taps, 
according to the specifications of the Fluid Meters Report. 
The metering tube was 2 in. diam, and orifices used were of 0.375, 
and 0.255 in. diam. These were calibrated on air, using a cali- 
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brated gas-meter prover, and the coefficient was found to be 0.61. 
Dimensions of the test section are given in Table 1. 

The glass steam jacket was supported by laminated-bakelite 
flanges, shown in Figs. 4 and 5, at the ends of the heated section, 
drawn together by tie rods outside the glass jacket. These 
flanges were made tight to the stainless-steel tube by packing 
glands. Owing to the low thermal conductivity of these flanges, 
very little heat could be conducted to the tube beyond the inside 
surfaces of the flanges. 

The heat, given up by the steam in heating the gas, was deter- 
mined by measuring the condensate collecting in the trough and 
draining through the sight glass at constant level. This amount 
was corrected for the small amount of liquid collecting on the 
flanges above the trough, and for the small heat loss from the 
sight glass; this correction was determined by blank runs when no 
gas was flowing, and was found to be 0.0258 lb per hr. 


TEMPERATURE DETERMINATION 


The temperatures were determined as follows: The inlet-gas 
temperature was measured by a calibrated thermometer at the 
entrance to the calming section. This temperature was adjusted 
by the coolers to be identical with the room temperature adjacent 
to the calming section, so that no increase or decrease in the tem- 
perature of the gas would take place before it reached the heated 
portion of the tube. The outlet temperature was measured with 
a special thermocouple, shown in Fig. 6, which was constructed 
to minimize radiation errors and to insure good mixing of the gas 
before the thermocouple. It was made so that it could be slid 
out of the way when pressure drops were measured. The alu- 
minum tube K acted as a radiation shield. The mixing device L 
consisted of two ‘‘doughnuts” and one disk of copper held in 
place by being soldered to copper wires. This mixer was then 
painted with a thermosetting bakelite varnish and cured, in order 
to minimize heat conduction from the tube. Laminated-bakelite 
spacers M kept the thermocouple centered. The steam tempera- 
ture was also measured with a thermocouple in the jacket, and 
checked against barometric pressure. 

Commercial hydrogen and nitrogen were used, and the com- 
position of the mixture was determined immediately following a 
series of runs by means of a Bureau of Mines apparatus. Al- 
though a special packing gland was built onto the blower, there 
was a slight leak at that point, and a small amount of air would 
leak into the apparatus. This was determined by analyzing the 
mixture for oxygen. This amount, less than 1 per cent, was caleu- 
lated as nitrogen. The gas pressure in the system was essentially 
atmospheric. Actually, enough gas to cause a slight pressure 
was supplied to the system at the beginning of a run. This 
pressure soon dropped until atmospheric pressure prevailed at the 
stuffing box of the blower. 


RESULTS OF EXPERIMENTS 


The principal results of this investigation are given in Table 2 
and in Figs. 7 to 12. The reliability of the data is measured by 
the heat balances, the deviations from which are given by the 
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Fic. 8 ExprerRIMENTAL ReEsuLTS ON HEAT TRANSFER TO PURE 
NITROGEN AND TO HypDROGEN-NITROGEN MIXTURES CONTAINING 
8.68 AND 28.6 Per Cent HypROGEN BY VOLUME 
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Fic.9 EXPERIMENTAL RESULTS ON HEAT TRANSFER TO HYDROGEN- 
NiTrRoGEN Mixtures CONTAINING 37, 42.9, AND 55 Per CrEnT 
HYDROGEN BY VOLUME 


column of data (¢, — qg)/dg- In most cases, this deviation 
is much less than 10 percent. The quantity q, is calculated from 
the rate of condensation c, corrected for the blank run, or (c 
— 0.0258) lb per hr, and the latent heat of steam at atmospheric 
pressure, 970 Btu per lb. The quantity gg is calculated from the 
rate of flow of the gas, the temperature rise, and the specific heat 
of the mixture. The latter value was taken from Fig. 1 for the 
given mixture at 70 F, and corrected for the slight change with 
temperature to the average of inlet and outlet temperatures of 
the gas. The over-all heat-transfer coefficient was used as the 
gas-film value, inasmuch as the steam resistance was negligible 
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Fig. 10 EXPERIMENTAL RESULTS ON HEAT TRANSFER TO Hypro- 
GEN-NITROGEN MIXTURES CONTAINING 86.8, 94.4, AND 98 Per Centr 
HypDROGEN By VOLUME 
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Fig. 12 ResuLts ON HEAT TRANSFER TO NITROGEN 
AND HyproOGEN-NITROGEN MixtTuRES PLoTTrep INCLUDING 
PRANDTL’s NUMBER 


(condensation being dropwise) and the tube resistance was 
negligible. The logarithmic-mean temperature difference was 
employed in all runs for uniformity, although some of the runs 
are in the viscous region. 

As a check on the apparatus, isothermal-friction data on air 
and heat-transfer data on air are shown in Fig. 7. On all data 
plots, the solid line is the friction line for smooth pipes as found by 
Drew, Koo, and McAdams (5), and the dashed line is a heat- 
transfer line, plotted according to Equation [1], representing the 
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‘ TABLE 2. EXPERIMENTAL DATA AND CALCULATED RESULTS data of Nusselt (6,7) The friction data are 
ty 4 shown in Fig. 7 to be in excellent agreement 
| F F re 4 ie QG — with the literature. In order to check a pos- 
x 100 P sible effect of the blower in recirculating the 
Al air’ 74.4 190.4 211.8 0.213 6.48 0.0 0.00388 3800. ~=«s ase, heat-transfer data on air were obtained 
2 75.6 190.4 211.8 0.247 7.65 +1.0 0.00386 4490 by using both air from the compressed-air 
3 75.0 189.0 211.8 0.311 9.90 +1.1 0.00372 5820 : - ; 
4 75.2 187.0 311.8 0.373 12.33 40.2 0.00355 7209 ~+Iine in the laboratory (where fluctuations 
: es 0950 and some 100 ft of pipe) and air recirculated 
Bl Air’ 76.3 169.4 211.6 0.190 5.23 +11.3 0.00378 3050 by the blower. There is no appreciable 
2 76.1 189.8 211.0 0.175 6.16 -13.8 0.00386 3600 Lif, j ; j * 
3 74.9 188.0 211.6 0.261 6.29 +58 0.00365 ea _—ddliffference in the results as will be seen 
4 75.8 186.7 211.0 0.291 9.65 -0.4 0.0035 5640 from Fig. 7, and, furthermore, the data are 
5 74.3 186.2 211.6 0.352 11.62 +1.2 0.00352 6&00 be i ll 
6 73.4 184.0 211.1 0.369 13.85 bee 0.00336 sine seen to in excellent agreement with those 
74.8 188.7 211.0 0.433 15.10 +0.9 0.00227 Of’: Nusselt. 
8 75.2 182.2 211.0 0.429 16.21 - 6.4 0.00323 9500 A pl f dats ; ; ee 
9 74.7 181.2 211.3 0.526 18.40 + 2.8 0.00315 10750 plot of data on pure nitogen, shown in 
0.533 19.10 0.0 0.00313 11200 Fig. 8, is practically identical with that of the 
. . . 0.595 21.90 +1.3 0.00300 12800 data on air shown in the previous figure. In 
; Cl Ng 67.1 166.8 212.4 0.245 6.65 +5.0 0.00378 4oso__—- calculating Reynolds’ numbers, values of vis- 
2 67.1 168.0 212.2 0.255 7.80 - 3.9 0.00373 4800 sity w btained f Fi d th 
166.6 258.6 cosity were obtained from Fig. 1 and then 
4 0.376 11.65 0.00346 7160 corrected to the mean gas temperature in 
5 2 0.461 14.11 . i i 
69.3 180.0 3124 the tube, the latter correction meaning an 
7 72.0 179.2 212.8 0.654 22.70 - 0.2 0.00298 14950 increase in the value of viscosity by about 10 
D1 8.85% 74.5 192.0 211.1 0.285 7.61 -1.2 0.00372 per cent. 
2 Ho 74.56 190.6 211.1 0.353 9.91 -~2.3 pap okie Data on mixtures of hydrogen and nitrogen 
3 74.5 168.4 211.1 0.465 13.17 + 4.3 0.00339 8640 are shown in Figs. 8 to 12. In calculating the 
4 74.3 186.4 a11.% 0.529 15.80 +0.8 0.00324 10360 = 
5 74.1 185.2 311.1 0.595 18.21 -0.2 0.00315 11950 ordinates for these plots, values of the Prandtl 
: Sg = ae 0.637 230.15 + 1.8 0.00204 12240 number for the mixtures were taken from 
. : -S Q.713 32.07 + 1.9 9.00297 14480 Fig. 2. For these gases, the value of Pran- 
2 78.0 195.4 3.8 0.00378 4640 dtl’s numberis practically independent of pres- 
2 0.451 9.93 + 1.6 0.00352 6S 
3 74.1 193.8 212.0 0.529 12.00 + 0.4 0.00339 8080 sure and over moderate 
‘ 75 3 192.0 212.0 0.628 14.40 + 2.6 0.00321 9660 so that the values given in Fig. 2 for 70 F could 
12.0 0.755 17.58 + 3.5 0.00311 11790 satis ily us 
6 73.8 189.8 313.0 0.803 18.88 +12 000305 1367 be satis factorily used for the temperatures 
encountered in these experiments. The close 
3 72.0 95e2 212.0 0.216 4.23 - 7.1 0.00342 2900 | ‘igs 
2 Hg 71.8 197.2 312.0 0.430 878 -—2.4 0.00363 
3 72.3 19546 212.0 0.552 10.30 ad 0.00346 7490 with the previously plotted data on air, and 
4 78.6 193.8 312.0 0.638 12.97 -1.1 0.00330 8900 with the lin senti vus i 
5 72.7 1924 212.0 0.735 15.15 - 0.5 0.00317 10400 the Numes 
é 70.8 19166 212.0 0.844 16.90 +1.4 0.00313 llelo data, is proof that the proper value to 
use in calculating heat transfer for mixtures 
Gl 42.9% 73.4 198.8 211.1 0.204 5.05 + 2.3 0.00380 3500 st . 
2 Ho 74.3 198.4 211.3 0.468 5813 —3.3 0.00372 5640 is the value of the Prandtl number of the 
0.610 10.72 - 6.6 0.00350 2430 mixture. 
5 73,7 19420 As final indication of the necessity of includ- 
23 5 19308 211.5 0.920 16.46 +5.6 0.00319 11420 ing this factor, Fig. 12 shows h/(C,G) plotted 
3.4 1.006 17.94 + 7.7 0.00308 12450 versus Reynolds’ number. The strong diverg- 
72.8 212.0 0.263 3.64 + 4.7 0.00293 2620 ence of the lines for the different mixtures 
2 3.6 e 212.0 0.365 5.16 - 2.1 0.00387 3720 i 
3 proves the importance of the Prandtl number 
4 71.1 19960 31)°3 09.518 740 +0.3 0.00372 5320 of the mixture in bringing the results into 
71.6 211.3 0.656 9.04 +5.0 0.00358 6620 agreement. 
72.0 195.2 211.5 0.722 10.38 + 8.3 0.00341 7470 
? 72.0 . 211.8 0.833 12.15 +2.6 0.00326 8750 The effect of the Prandtl number can be 
11 06.86 72.7 200.6 shown, from the results in Fig. 12, to be at 
Ha 72.9 292-2 212.0 0.449 2.72 -1:5 0.00290 2520 least as important as the */s power, as often 
3 73.1 To9°5 218-0 0.616 3.79 - 7.3 0.00365 3600 used in the exponential formula 
: : 73.2 197.8 312.0 0.750 4.67 - 7.4 0.00358 4430 
71.4 - 212.0 0.955 5.88 - 0.4 0.00341 5580 
94.4% 71.4 19868 2311.5 09.331 h_ 
e 1.30 - 7.0 0.00408 1445 DG 
¢ Ha 0.455 1.84 - 2.4 0.00307 2030 C.G =) (1) 
3 78.1 318-5 0.558 2.29 -1.4 0.00297 2525 
5 194.2 ae 0.670 2.67 - 3.7 0.00347 2940 
3130 Inthe range of values of Prandtl’s number 
0.375 .1.10 -10.3 0.00392 1317 between 0.45 and 0.7, the Prandtl equation 
s 3 72.8 16466 1868 would predict about one half this effect, and 
73.8 211.5 0.724 2.21 0.00356 2641 ‘the von Karman equation something in be- 
6 mag 192.0 821-5 0.829 2.47 - 4.1 0.00370 2961 tween as shown by Chilton (2). While these 
| 2.2 211.5 0.918 2.728 - 6.0 0.00371 3330 : i 
ir 4 results in themselves may not be sufficient to 
a #*Air from compressed air line. disprove these latter two equations, they are 
y vn at least indications that the simple exponen- 
t- 3 ir recirculated by blower. ; tial type is more satisfactory for gas mixtures 
1e 
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than the more theoretical ones, and suggest that further im- 
provements in the theory are possible. 


These data also verify the Nusselt data on gases in showing a 
deviation from the analogy between fluid friction and heat trans- 
fer. If this analogy (7) held, the heat-transfer and friction lines on 
the plots would be coincident in the turbulent region. At low 
Reynolds’ numbers, the divergence may possibly be explained by 
the presence of a greater “dip” region for heat transfer between 
viscous and turbulent flow than for friction. However, in the 
strong turbulent region, the heat-transfer factors are still a good 
10 per cent below the friction factors. Above a Reynolds number 
of 10,000 the slope of the line representing the heat-transfer data is 
—0.2 but at lower Reynolds’ numbers this slope becomes zero 
and then of opposite direction in the “‘dip’”’ region. 


There are a few results for the mixtures in the region of viscous 
flow, and while these seem to bear out the general shape of 
curves in the ‘“‘dip’’ region and in the viscous region, there are not 
sufficient data to draw definite conclusions, other than that the 
Prandtl number appears as calculated. 


While the results of this study, together with those of Brunot 
(1), appear to prove that the Prandtl number applies for gases 
according to Equation [1], they show that further study of the 
analogies between fluid friction and heat transfer is highly de- 
sirable. 
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Discussion 


R. H. Norris.‘ It is of interest to compare the authors’ test re- 
sults for the region of viscous flow with theoretical results, even 
though, as the authors admit, their test data in this region are too 
scanty to be conclusive. 


Fig. 13 of this discussion shows points representing the authors’ 
test results compared with curves evaluated from a recently 

Test Points 
_ +98 % Hp 0.625 

0 5% 
© 868% H, 
| "094.4% Hy, 
Arrows show possible range of error as 

SY N indicated by error in heot balance 


Wt 
S¥.0.458, 0-154 


O10 
Tneoretical Curves 
$0625, 01.22 
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Free convection correction,for test conditions 
(in theoretica} correlation L/D is multiplied by /p) 


Reynolds Number GO /~ 
Fig. 13 Comparison or Test Points OF COLBURN AND COGHLAN 
Wits THEORETICAL CuRVES 0 NORRIS AND STREID FOR HyDROGEN- 
NITROGEN MIXTURES IN THE LAMINAR-FLOW REGION, FOR FLOW IN A 
Pipe With L/D = 97.5 


published correlation of theoretical results, using the logarithmic- 
mean temperature difference basis. When the empirical correc- 
tion proposed by Colburn (7) for free convection is included, and 
the possible range of error of the test results indicated by the heat- 
balance discrepancy is allowed for, the agreement between test 
and theory is reasonably good (of the order of 10 per cent), below 
Reynolds’ number of 2200. For higher Reynolds’ numbers, 
transition to turbulent flow has presumably begun. The fact 
that the test values somewhat exceed the theoretical values may 
indicate that the correction for free convection here applied to the 
latter is not quite sufficient, or that the flow is not completely 
laminar. 


4General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.E. 

5 “‘Laminar-Flow Heat-Transfer Coefficients for Ducts,’’ by R. H. 
Norris and D. D. Streid, Trans. A.S.M.E., vol. 62, August, 1940, pp. 
525-533. 
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Electric-Slip Couplings for Use 
With Diesel Engines 


By A. D. ANDRIOLA,' GROTON, CONN. 


The fact that, in the last 12 months, at least twenty 
Diesel-driven vessels have been equipped with electro- 
magnetic-slip couplings in this country indicates its value 
for ship-propulsion purposes. This paper explains the 
functions of the device as (1) to reduce torque-variation 
intensity at the reduction gears, and (2) to permit two or 
more engines to be rapidly coupled and uncoupled to and 
from the gearing to a common propeller shaft. Elements 
of the system are described and theoretical principles of 
the mechanism are analyzed. A brief comparison is given 
of the electric-slip coupling with the hydraulic system. 
The paper concludes with mention of additional applica- 
tions in conjunction with internal-combustion engines. 


HE progress made in Diesel-engine design, in terms of 

reduced specific weight and size, has been achieved mainly 

by substantial increases in rotative speed, working pressure, 
and number of cylinders per unit. This trend has brought to 
the fore many important problems. Not the least of these is 
that of dealing satisfactorily with torsional vibration. 

In marine installations, especially, two factors combine to 
make this a problem of major importance: (1) The operating 
range extends over a large portion of the span from zero to 
maximum speed. (2) Efficient propeller speeds are such as to 
require a speed-reducing device when high-speed engines are 
used. Mechanical gearing is preferred because of the attendant 
economy, simplicity, and efficiency, as compared to other types. 
Experience, however, shows susceptibility to wear and failure, 
unless proper precautions are taken to limit vibration transmis- 
sion from the engine to the gearing. In special cases, these 
difficulties have been entirely obviated by the adoption of the 
Diesel-electric system of propulsion. This alternative involves 
a substantially higher first cost and a lower over-all efficiency 
and does not recommend itself to wide commercial usage. In 
this connection, therefore, the recent use of electric couplings in 
geared-marine-Diesel installations is of considerable interest. 


Functions oF ELectric CouPLinG 


Briefly, the electric coupling is a device for transmitting torque 
electromagnetically across an air gap, there being no mechanical 
connection between the coupling halves. Units of widely differ- 
ent characteristics have been developed for various uses, but the 
type which is being applied to marine service utilizes induction- 
motor principles and is termed the electric-slip coupling. 

The idea of transmitting torque through an air gap is not new. 
As early as 1921, a coupling of this type intended for marine 
use was built and tested by Sperry,? but apparently was never 
put into service. The first commercial application recorded is 


‘ Engineer in charge of Engine Calculating Department, Electric 
Boat Company. Jun. A.S.M.E. 

*““Compounding the Combustion Engine,”’ 
Trans. A.S.M.E., vol. 43, 1921, pp. 677-716. 

Presented at the National Meeting of the Oil and Gas Power 
Division, Asbury Park, N. J., June 19-22, 1940, of Tae AMERICAN 
Society of MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


by E. A. Sperry, 


that made by the Swedish firm, Allmanna Svenska Elektriska 
Aktiebolaget, or A.S.E.A., in a pilot-boat installation in 1935. 
Use of the coupling on a large-scale basis has since proceeded 
steadily. In this country alone, at least twenty vessels, totaling 
48 units, were equipped last year. Credit for the particular 
embodiment of the marine type of coupling is also shared by the 
Westinghouse and Elliott Companies, whose engineers were 
working along identical lines at the same time as A.S.E.A. 

The primary functions of the device are (1) to reduce torque- 
variation intensity at the gears, and (2) to permit two or more 
engines to be rapidly coupled and uncoupled to and from the 
gearing to a common propeller shaft. Several typical arrange- 
ments are shown in Fig. 1. Incidental to these uses, other im- 
portant advantages are simultaneously obtained in the way of 
power flexibility and vessel maneuverability, closely approxi- 
mating those of the Diesel-electrie drive. These have been 
discussed in part by Metz and Ericson’ and are of sufficient im- 
portance to warrant restatement here; these are as follows: 


1 Increased reliability of the plant is achieved by the use of 
a multiple-engined arrangement. 

2 Any one unit may be shut down for repairs without stopping 
the vessel. 

3 Economic cruising at partial speeds is possible by operating 
only a portion of the available units. 

4 The engines may be conveniently warmed up at the dock 
prior to vessel departure. 

5 Maneuvering in close waters or during docking can be fa- 
cilitated by operating some of the engines in the ahead direction 
and the remainder astern. The coupling between gearing and 
either set of units can be rapidly made or broken by means of a 
simple switch. An appreciable saving in starting air is thereby 
also effected. 

6 When reversing, as in an emergency, there is no need to 
wait until the inertia of the entire system is dissipated. Instead, 
the engines may be uncoupled, reversed, and torque applied to 
the propeller shaft while the latter is still turning in the ahead 
direction. The coupling is therefore capable of braking effect. 


An earlier analysis’ of coupling-torque transmission under 
vibratory conditions indicates that the action was not completely 
understood. Nevertheless, the operating experience accumu- 
lated since establishes the coupling as very well suited to the 
requirements of Diesel geared drives. It has also indicated 
other applications in which the coupling characteristics may prove 
advantageous either as a vibration controller or as a clutch, or 
both. 


ELEMENTS OF ELECTROMAGNETIC COUPLING 


Fig. 2 shows the main components of the coupling in ele- 
mentary form. The unit consists of two concentric rotors, a 
set of slip rings and brushes, an external source of direct-current 
supply, and a control panel. One rotor is a multipole-magnet 
ring with individual poles energized from the slip rings mounted 
on the supporting shaft. The second rotor comprises a short- 


3**Electromagnetic Slip Couplings for Use With Geared Diesel 
Engines for Ship Propulsion,”’ by G. L. E. Metz and N. Ericson, 
Trans. Institute of Marine Engineers, vol. 49, 1937-1938, pp. 
237-248. 
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circuited winding of the squirrel-cage type. As illustrated in 
Fig. 2, the pole ring is shown on the outer rotor, but the position 
of the windings may be reversed without affecting the action of 
the coupling. Both arrangements have been used in practice. 
From a structural standpoint, the short-circuited winding is 
inherently the more rugged of the two and should preferably be 
used as the driving rotor. Of the two arrangements, the latter 
results in a higher natural frequency of the engine system; this 
is generally desirable from a vibration point of view. Irrespec- 
tive of position, the pole ring and the short-circuited member 
are termed the “primary” and “secondary” windings, respec- 
tively, to denote the magnetic path. 

Torque transmission across rotors occurs electromagnetically. 
If the primary is energized, relative rotation of the two members 
causes the secondary conductors to cut across a magnetic field 
of alternating polarity. The currents thereby induced set up an 
interrotor torque, tending to rotate the driven portion in the 
direction of the driving rotor. It is clear that the two members 


Fie, 1 CourLines ean never rotate at the same speed for, without relative rotation, 
em or slip, torque cannot be induced. Under normal conditions, 
however, slip is an extremely small percentage of the driving 
PRIMARY ROTOR speed. At full load, for example, its magnitude is about 1 per 
FAN cent and torque-transmission efficiency is consequently high. A 
WY, OR set of typical slip-torque-coupling characteristics for full and 
surancs Ho —— partial excitation values is shown in Fig. 3. Interrotor torque 
\ -_ varies from a linear function of slip at very low slip speeds to a 
= 4g: = maximum at from 7 to 10 per cent slip. Beyond this point, the 
Si 1 | coupling characteristic is definitely unstable and application of 
torque, in excess of the maximum shown, results in stalling. For 
—— proper operation, the coupling must be designed so that the 
Uf fy a stalling torque is substantially above that to be transmitted. 
With Diesel engines, the normal torque variation at rated 
1 | Scalia load may approach +100 per cent, depending upon the number 
De Source of cylinders. A.S.E.A. practice is to design for 170 per cent of 
Fic. 2 Component Parts or Typical ELECTROMAGNETIC-SLIP full mean torque; this value is somewhat higher than the torque 
CovupLines variation which obtains in Diesel units of six or more cylinders. 
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Under very rapid torque variation, electrical effects momen- 
tarily increase the stalling point to about 300 per cent of rated 
capacity, further reducing the chance of instability under average 
driving conditions. The stalling feature of the coupling, however, 
is desirable since the maximum shafting stress can thus be held 
to a predetermined limit. This is especially true of systems 
subject to seizure on the driven portion of the system. In 
marine installations, a suddenly fouled propeller would constitute 
such a seizure. The stress imposed on the engine members under 
such conditions might conceivably cause failure in a mechani- 
cally integral system. 

The induced-coupling torque depends only upon the actual slip 
between rotors, i.e., it is independent of engine speed. Conse- 
quently, at starting or low-speed conditions, the total torque 
which can be developed at the engine is available for load pick-up. 
Torque-slip curves for partial speeds are shown in Fig. 4; the 
increase in torque at 100 per cent slip with decrease in engine 
speed is clearly indicated. 


ConstTRucTION SIMILAR TO SquIRREL-CaGE Moror 


The similarity between the coupling and the short-circuited 
squirrel-cage induction motor, as regards the general construc- 
tion, electromagnetic action, and slip-torque characteristics, is 
readily apparent. In fact the two units may be said to be prac- 
tically identical except as to the means used to obtain a rotating 
flux. In the three-phase alternating-current induction motor, 
for example, three-phase alternating current is supplied to the 
stator windings and produces a rotating flux with a speed de- 
pendent upon the supply frequency and the number of poles. 
In the electric-slip coupling, this is accomplished by mechanical 
rotation of a direct-current excited-pole ring and the flux speed 
is equal to the mechanical speed of the primary rotor. Other- 
wise, the basic electrical considerations are the same for both 
units. 

Noticeable deviations from usual induction-motor practice are 
of a constructional nature and are dictated by mechanical con- 


siderations which the induction motor is not required to satisfy. 
These pertain to the method of rotor support, which has been 
previously described as mechanically separated. Actually, the 
two rotors are overhung on their respective shafts, a pilot bearing 
being purposely omitted to accommodate a certain degree of 
misalignment between the driving and driven portions of the 
system. This construction requires use of an air gap appre- 
ciably larger than for the induction motor. A.S.E.A. couplings 
employ air gaps of 0.2 to 0.4 in., depending upon the rated ca- 
pacity of the coupling. Compared with induction-motor prac- 
tice of air gap = 0.15 ~KW the gap for a 1000-hp coupling is 
about 4 times as large as that for a motor of identical capacity. 
The reluctance of the magnetic path is largely that of the air gap, 
and thus for equal flux densities the coupling requires a propor- 
tionately larger excitation energy. Nevertheless, excitation 
loss in the coupling does not exceed 1 to 2 per cent of the rated 
capacity. Over-all transmission efficiency, accounting for both 
slip and excitation losses, is approximately 97 per cent. The 
overhung-rotor construction, however, does introduce a me- 
chanical problem of some importance. When the two rotors 
are displaced from the concentric position, the resultant eccen- 
tricity is accompanied by a proportional unbalanced radial pull 
in the direction of the smaller air gap. If unrestricted, this force 
would ultimately result in mechanical contact of the two rotors 
accompanied by magnetic locking. To avoid this effect, it is 
only necessary to design the supporting shafts so that the load- 
deflection characteristic is steeper than the unbalanced pull- 
eccentricity relation of the rotors. 

Cooling requirements are met in a manner similar to that 
employed for motors. For this purpose a radial-bladed fan is 
built into the outer rotor at its extreme edge as shown in Fig. 2. 
Openings in the end flange of this same member provide a natural 
flow path for air over both windings. The effectiveness of the 
arrangement is a function of coupling speed. No difficulty, 
however, is encountered even when reasonably long sustained 
periods of operation at low speeds is a requirement, since the 
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excitation current is normally reduced with correspondingly less 
heat to be dissipated. 


Mernop oF CouPpLING CONTROL 


Coupling control under operating conditions is quite simple. 
The coupling is made or broken instantaneously by operation of 
a switch located at the engine control board. Thus, both engine 
and coupling are operated by the engine attendant. Normally, 
the excitation circuit is kept closed and the engines handled 
exactly as in a direct-connected installation. During docking 
or channel maneuvering, the engines may be left running and the 
propeller shaft controlled by means of the excitation switch. 
Where several units drive a common shaft, the load must be 
divided equally among the engines, i.e., the slip at each coupling 
must be the same. This latter quantity is measured by a simple 
stroboscopic arrangement and the necessary adjustment then 
made by variation of the fuel supply. The stroboscope con- 
sists of two concentric bands with a number of equally spaced 
holes drilled in their peripheries. One band is carried on each 
of the two coupling rotors. The relative rotational movement 
can be clearly seen when a light source is placed within the inner 
band; measurement is then accurately made by a stop watch. 

Two years ago, the author had the opportunity to observe the 
operation of two A.S.E.A. couplings during a trip of several days’ 
duration aboard the Swedish motor vessel Astri. No occasion 
arose for an emergency-speed reversal, but all other normal 
maneuvers at docking and in free route were carried out. Changes 
or reversals in speed were rapidly made without signs of shock or 
lag between engine and propeller speeds. Some of these opera- 
tions were timed and may be of interest; the interval measured 
was that from the initial telegraph bell to the moment the 
propeller shaft reached speed, and includes the time taken by 
the attendant to reset the telegraph prior to adjusting the 
engine throttle. Incidentally, the excitation circuit was kept 
closed at all times. The values follow: 


From To Time, sec 
Stop 1/2 Speed ahead 10 

1/, Speed ahead Stop 10 
Stop 1/, Speed astern 14 


These times represent average performance. 

When a wide operating speed range, of the order of 3 to 1, is 
used, the excitation current is usually reduced for low-speed 
operation. This is done by means of an additional resistance 
placed in series with the excitation circuit. By such control, 
the efficiency of the coupling can be held approximately to a 
constant value over the entire operating range. 


VIBRATORY CHARACTERISTICS OF COUPLING 


The slip-torque characteristics previously discussed are those 
which obtain under conditions of uniform driving torque. Ac- 
tually, the torque delivered by the Diesel engine is periodic in 
nature and may contain large variations from the mean value. 
The net motion at the driving rotor is a combination of har- 
monic motions of differing frequencies superposed upon a uniform 
rotation. Tests, conducted on early installations, showed a 
marked suppression of oscillating motion across the coupling and 
the action was interpreted as equivalent to that of a viscous-fluid 
device. Recent experimental and analytical data, however, 
show that the electrical effects which obtain under vibratory 
conditions give rise to both elastic and damping components of 
torque within the coupling. This effect was first brought to the 
author’s attention by G. J. Dashefsky of the New York Navy 
Yard, who noticed the characteristic during tests conducted on 
a coupling furnished by the Westinghouse Company. Model 
tests recently made available by the A.S.E.A. to the Electric 
Boat Company and tests on a full-size coupling made at the 
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latter plant confirm Dashefsky’s observations. A mathematical 
analysis has also been developed by two members of the A.S.E.A. 
staff, Dr. Dreyfus and H. Arnemo, and is given in the Appendix. 
Values computed on this basis agreed closely with those obtained 
experimentally on the model coupling; these tests incidentally 
covered a vibratory range from zero to 20 cycles per sec frequency 
at the driving rotor. Since the preparation of this paper, a 
similar mathematical analysis was presented to the American 
Institute of Electrical Engineers (A.I1.E.E.) by Lory, Kilgore, 
and Baudry.‘ This approach differs from that of A.S.E.A., 
and, since a check of results is afforded, no duplication is involved 
in presentation of the latter. 


FREQUENCY RANGE 


The frequency range of practical interest is considerably higher 
than that covered in the model-coupling tests. Calculations for 
an 850-hp 460-rpm coupling have been made by the author up 
to a value of 100 cycles per sec. This corresponds to a natural 
frequency of 6000 vibrations per min and covers in general all 
critical speeds of practical interest in marine drives. The 
computed values are given in Fig. 5. At low frequencies, the 
damping component is larger and the two become equal, in this 
particular design, at about 5 cycles per sec. Beyond this point, 
the decrease in elasticity is large compared to that of the damp- 
ing. Both components may be considered as constant in value 
above 30 cycles per sec. In a previous reference,‘ the elastic 
characteristic is compared to a weak mechanical spring, and the 
tendency is to treat the driving and driven systems as separate 
entities. While in many cases the treatment is perfectly ap- 
plicable, it must nevertheless be noted that the term ‘“weak’”’ is 
a comparative one and therefore somewhat misleading. In 
marine installations, where a long length of shafting from the 
engine to the propeller is involved, it is possible for the line-shaft 
flexibility to exceed that of the coupling. While the condition 
is not a usual one, its possibility shows that the device should 
only be applied on the basis of a careful analysis of the entire 
vibratory system. 

Generally, the elasticity of both the driving and driven por- 
tions will be quite low compared to that of the coupling. The 
effect of the coupling elasticity under these conditions is to intro- 
duce an additional mode of vibration of very low frequency, 
compared to those of either portion treated separately. The 
higher modes of vibration correspond closely to those obtained 
for the separate portions of the system. In the fundamental 
mode, all masses to one side of the coupling move practically in 
phase. The accompanying stress in the shafting is consequently 
very low. Actually, the system is equivalent to one of two 
masses, i.e., the driving and driven portions connected by the 
coupling elasticity. The dynamic effect may be evaluated 
simply, if the damping between rotors is neglected. Let m = 
circular frequency of forced vibration; J,, J; = driving and 
driven inertias, respectively; K = coupling elasticity; p = 
circular frequency of natural vibration, ie, p = 
VIKVi + J:)/JiJ2]; M sin mt = vibratory torque delivered 
to the driven member. Then it can be shown that 


Is 1 = 
M,=M + J) [1 — (m/p)] sin mt........ [1] 


In a twin-engined single-screw geared drive the phase relation 
between torque components delivered by each engine will modify 
Equation [1] as follows: Introducing the additional notation 
r = vibratory order under consideration, y = phase angle 
between similar cranks of the two engines, and J; = moment of 


‘Electric Couplings,” by M. R. Lory, L. A. Kilgore, and R. A. 
Baudry, Trans. A.I.E.E., vol. 59, 1940, pp. 423-428. 
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inertia of each engine, we obtain (1) with both engines in phase, 
i.e., sin (yr/2) = 0 


J; 


1 


(2) engines 180 deg out of phase, i.e., cos (¥r/2) = 0 and each 
engine vibrates against the other about the gear as a node 


1 
= sin ml............. 
M 1 (1—(m/p)*] in mt [3] 


The effectiveness of flexibility between engine and gearing is 
a function of the ratio of forced to natural frequencies of vibra- 
tion (m/p). If (m/p) is less than 1, the flexible element actually 
increases torque variation at the gears and defeats the purpose 
for which it is intended. Reduction obtains only when (m/p) 
is greater than 4/2. The criterion for satisfactory gear operation 
is that (7’— M,) be positive, where T is the mean torque. Other- 
wise, the gears separate periodically with resultant noise and 
wear. In a twin-engine electric-coupling drive, a given phase 
relationship obviously cannot be maintained. Equation [3] 


then applies, since it gives the minimum torque reduction 
possible. 


INVESTIGATION OF THE RESONANT RANGE 


In the previous analysis, damping was neglected to show 
clearly the similarity of requirements for various driving arrange- 
ments. The damping component will modify the quantitative 
results, and must be accounted for in investigation of the resonant 
range. Theoretically, only the major orders need be considered 
for the fundamental vibration mode; all engine members oscillate 
in phase. Actually, the minor orders, !/, to 2, inclusive (four- 
cycle engines of six or more cylinders), may produce undesirable 
effects. These occur at considerably higher speeds than the 
major orders and may fall within the operating range. An 


analysis for a two-mass system with damping between masses 
is given here; the extension to the multiple-engine arrangement 
may be carried out in similar fashion. The following nomen- 
clature is used. 


NOMENCLATURE 


= angular displacement, radians 

= angular velocity = dé/dt, radians per sec 

= angular acceleration = d?@/dt?, radians per sec? 
= damping constant, in-lb per radian per sec 
phase angle of motion, radians 

= harmonic torque acting on J, in-lb 

= 


subscripts 


ll 


1,2 


The differential equations of motion are 


+ — + c(6, 62) 
Jb, — K(0; — 62) — c(6; — 62) 


0 


M 
{4} 


Writing the harmonic torque as a complex quantity, the 
solution is given by 


6 = X(cos mt + J sin mt) 


Substituting this in Equation [4] and reducing, the following 
values are obtained: 
For magnitude of vibratory displacement 


M (K — Jym?)? + c?m? 
+ Jz) YK?[(m?/p?) — 1]? + 


\ = 


M + c2m? 
+ Je) — 1]? + em? 


For phase angles of motion 
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—em3J 2? At resonance m/p = 1, and Equations [5], [6], and [7] reduce to 
{ K(K — Jom?) [(sa2/p?) —1)— c2m?} (J: + J2) 


{ K2[(m?/p?) } (Ji + 


¢@: = 


4 


V(K Jom)? + c2m? 


= tan 


V + c?m?) 


The torque at the gears is given by cm§(J, + J2) 


M, = K(6; — 62) 
= tan~! K/—cm 


em(J; + J2) 


| 


If the predominant elasticity is that of the coupling, this 
analysis will yield rather accurate results. A comparison of 
estimated and recorded values for a system with this disposition 
of elasticity is given in Fig. 6. These data cover only the reso- 
nant range controlled by coupling elasticity. At higher speeds 
no perceptible motion was recorded at the motor side of the 
coupling. Sample torsiograms from 95 to 201 rpm are shown in 
Fig. 7. Since these tests were performed with the motor driving 
the engine, the harmonic torque at the engine could be accurately 
estimated. The close agreement between analytical and test 
values thus directly confirms the electrical theory of the Appendix, 
by means of which the coupling characteristics were determined. 

For the higher modes of vibration the procedure is well known 


bee 5 a5 and need not be discussed here. 
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Fic. 6 Comparison or EsTIMATED AND RECORDED VALUES FOR 
RESONANT RANGES CONTROLLED BY CoUPLING ELASTICITY The largest application of electric-slip couplings has thus far 
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been in geared marine drives of the multiple-engine single-screw 
type, where rapid engine disengagement is desirable. The hy- 
draulic coupling has been similarly employed and a comparison 
is of interest. Each coupling requires auxiliary equipment and, 
in this respect, both have disadvantages. In efficiency each 
averages about 97 per cent. For hydraulic couplings, the loss 
is approximately a fixed percentage of speed, but the same is 
true of the electric-slip coupling with economy-resistance control. 
For speeds below 400 rpm, the electric-slip coupling is definitely 
superior in weight and size. As more experience with the latter 
is obtained this limit may be raised considerably. The torque 
capacity of the electric coupling varies as the diameter squared 
times length of rotor, or D?L, and is independent of speed; in 
the hydraulic coupling the variation is directly as (diameter)? 
speed. Within limits, the dimensions of the former may be 
varied, provided D?Z remains constant. The same facility is 
lacking in the latter. The mechanically separated rotors of the 
electric coupling eliminate the possibility of wear, thereby 
reducing maintenance. Hydraulic couplings of modern design, 
however, are relatively wear-free and no distinct advantage may 
be claimed in this respect. As regards rapidity of coupling 
action, however, the electric coupling has no equal. Where 
direct current is available, however, adoption of the electric-slip 
coupling in preference to the hydraulic unit is indicated 
Otherwise, with weight and size equal, choice appears to rest on 


cost. 
ApDDITIONAL APPLICATIONS OF ELEcTRIC-SLIP COUPLINGS 


Exclusive of geared applications, the coupling characteristics 
suggest its use for several other services in which the internal- 
combustion engine is employed. It should be appreciated, 
a priori, that for a given torque-weight ratio, units with widely 
different torque-slip properties can be constructed. The quan- 
titative values, in Figs. 3 and 4, apply strictly to the short- 
circuited squirrel-cage type. With a wound secondary con- 
nected through slip rings to a variable resistance, for example, 
variable-slip-speed characteristics can be obtained. In general, 
for every known type of motor or generator, a corresponding 
electric coupling is possible. Additional applications then fall 
into the following categories: 

(a) Systems in which seizure of the driven members is likely 
to occur, such as suction-dredge installation or vessels operating 
in shallow or ice-filled waters. 

(b) Direct-drive marine installations required to operate at 
propeller speeds considerably below one third maximum engine 
speed. With a wound-rotor construction, slip speeds of the order 
of 50 per cent are possible for short periods. The losses are 
approximately proportional to slip but nevertheless small due 
to the low powers developed in this speed range. 

(c) Drives requiring smooth-turning characteristics at the 
load. If in addition rapid clutch action is desired, maximum 
utility of the device is attained. 


From a vibration standpoint alone the electric-slip coupling, 
properly used, will effect a highly satisfactory drive. Com- 
parable results, however, are also possible with less expen- 
sive mechanical devices. Thus, unless some additional func- 
tion is to be performed, the greater cost involved is not usually 
justified. 
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Appendix 
The following nomenclature is used in the Appendix: 
NOMENCLATURE 

a = asin mt = relative angular displacement between 
coupling rotors, radians 

@ = flux, maxwells 

B = direct-current field, gauss 

L = length of iron, em 

R = radius of air gap, em 

S,S’,S’o = current densities, amp per sq cm 

p = resistance, ohms 

f = frequency of oscillation of coupling rotors, cycles 
per sec 

u = a-e¢ permeability of iron, gauss per oersted 

t, = slot pitch, em 

h, = tooth height, em 

a, = effective tooth area, sq em 

r, = tooth resistance, ohms 

x, = tooth reactance, ohms 

= conductor current, amp 

i, = tooth current, amp 

z = impedance, ohms 

r, = conductor resistance, ohms 

x, = conductor-leakage reactance, ohms 

c specific impedance, ohm per em periphery per cm 
length 

7, = sum of currents under pole arc, amp 

5 = magnetic air gap, cm 

b = effective pole are, em 

l, = inductance, h 

r,» = short-circuit ring resistance under pole are, ohms 

r,; = short-circuit ring resistance in space between poles, 
ohms 

e = induced voltage in secondary conductor, v 

S, = current density per unit periphery, amp per sq em 
per cm 

b, = length of short-circuit ring under pole arc, em 

B = pulsating air-gap field, B includes B, gauss 

n = number of poles 

T = induced-coupling torque, kg-m 

j =v-1 


The torque delivered by the engine to the driving rotor of the 
coupling is a periodic function. Analytically it may, therefore, 
be considered as composed of a constant torque and a number of 
harmonic-torque components of differing frequency. Trans- 
mission of torque through the coupling then produces a constant 
slip between the rotors upon which is superposed a relative 
vibratory motion. In the following analysis the relative speed 
difference, i.e., slip, is neglected. The relative angular displace- 
ment between rotors can then be written as 


Provided no counteracting ampere turns are induced in either 
rotor, there arises in the secondary part of the coupling, in each 
of the gaps between poles, a cross field, shown in Fig. 8 with a 
flux of 


[12] 


Actually, the motion gives rise to eddy currents in the iron of 
both rotors, as well as currents in the cage winding, and the 
resultant pulsating field has a distribution as shown in Fig. 9. 
The a-c permeability u of the iron is a function of ¢/L, Ra, and 
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m, and is estimated according to previous investigations which 
show that for f cycles per sec and 50 cycles per sec 


(¢/L)so = W(f/50) (¢/L)y [13] 


The a-c permeability in general will be rather high, especially 
since, at higher frequencies (see Fig. 9) ¢ is divided into ¢, along 
the pole-shoe surface and ¢, along the short-circuit winding. In 
view of this, the ampere turns consumed for the iron will be 
neglected. 

The fact that the teeth lead currents parallel to the cage 
winding must, however, be taken into account since this will 
lessen its effective resistance and also influence its leakage 
reactance. The cage winding is not insulated. To a current 
density S in the conductor there corresponds a current density 
S’o at the bottom and sides of the slot, as well as at the air-gap 
surface of the tooth with .. .iue 


S’o S(pcu/Pre) - 
The decrease in S’ in the iron is approximately given by 


n = 2x¥V (fu/pr,)10-5....... 


For example, with » = 1000, f = 2 ~ 8 cycles per sec and, p = 
0.2, then 


where 


n = 2x ~ =2~4 
If the teeth are not particularly narrow the current in the con- 


ductor 7,, = Sbh is followed by a current in the tooth equal to 


144 
= g Pee 1+j (r, + 2h,) 
Pre 2n 
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the effective tooth area is thus 
a, = (7, + 2h,)/n 
and its resistance and reactance 


nL 


PFe 

Within the active length, tooth and conductor are connected 
in parallel. Outside this length the conductor has an impedance 
of Ar, — jAz, and the effective impedance of one slot pitch is 
thus 


+ 4r,— 


or 


z= (r,+ Ar,) —j(z, + 


The cage winding can therefore be considered as a cylinder with 
a specific impedance 


DIFFERENTIAL EQUATIONS AND THEIR SOLUTION 


The sum of the currents 7, under the pole are produces a flux 


of 2¢, in the interpolar space, i.e. 
I, 0.44 I, 

= — — L(ys) = — 1, 10-8...........[18] 

$1 23 > {18} 


where the factor y and the inductance J, are determined by field 
plotting, as shown in Fig. 10. 


Fie. 10 or Fieip PLorrine 


The voltage induced in each of the cage-winding conductors 
under the pole are is 


do —* da 
e 1 BLR 10 Ea cos mt. .| 19] 
also 
dB 
dz 
and 
d 
L— (8,) — ‘dz = 
a) S,dz = jmBL 10 [21 


from which is obtained 
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or 


(S.) — BUS.) =0 


where 
The solution of Equation [23] is 


So = (S,) _cosh Bx [24] 


From this then 


,/s = 4 = 2 (: a) b/2 3(b/2) [ 


Note that for 
B(b/2) > 3, tgh B(b/2) = 1 


From the foregoing and Equation [19], we may write 


7 
jEay = + = (ry, — jml,) 


= 2 | (6/2) 
I, T, 8(b/2) 
— jl, |. [26] 
2 E b/2 tgh 8(b/2) + gm 
or 


1,/2 = jEa(j@ + vy) = Eaoljy —8)....... | 26a) 
The total coupling torque, i.e., for n poles, is equal to 
T = nBLI,R(10-*/9.81) 


Upon substitution of the expression for /, given in Equation [26a] 
we obtain 


T = 2nBLREa(jy — [27] 


The jy and @ components are proportional to —da/dt and —a, 
respectively. 

Thus we have for the two torque components: 
Damping component 


1 
c = caymcos mt = 2nBLREa jy 


elastie component 


Ka = Kaosin mt = 2nBLREa 


Discussion 


M. R. Lory.’ Mr. Andriola is to be congratulated on his 
interesting and informative paper. The application of electric 
couplings on a large scale has come so recently in this country 
that little has been written about them. This paper is a valuable 
addition to the literature. 

It is fortunate that the author has included some information 
from his associates at A.S.E.A. That company’s actual experi- 
ence in building couplings antedates our own by several years 
because geared-Diesel drive has been popular in Europe for some 
time, while its use on a large scale is quite recent here. However, 


* Westinghouse Electric & Manufacturing Company, East Pitts- 
burgh, Pa. 


we are now making rapid strides, as indicated by the fact that 
the writer’s company alone now has more total horsepower in 
couplings built or under construction than have been built or 
are on order abroad, based on the latest published information.® 
We are now building the largest electric couplings in the world, 
rated 4375 hp at 180 rpm, for use with Sun-Doxford engines on 
four Maritime Commission CP-3 cargo and passenger vessels. 
Of the 62 motorships already built or on order on June 1, 1941, 
for the Maritime Commission, 38 have geared drives of which 30 
are equipped with electric couplings and 8 with hydraulie cou- 
plings, while 24 are direct drive. 

The principal difference between the electric couplings for these 
Maritime Commission ships and foreign-built couplings is in the 
amount of torque available at high slip for maneuvering. Figs. 
3 and 4 of the paper show a coupling with 40 per cent torque at 
100 per cent slip. The Maritime Commission engineers recog- 
nized that, if more torque than this were provided, the couplings 
could be used extensively as an aid in maneuvering. Conse- 
quently, their specifications required a minimum of 75 per cent 
torque up to 140 per cent slip. 

The Mormacpenn, first of four C-3 cargo ships built by the 
Sun Shipbuilding and Drydock Company, and the first geared- 
Diesel ship to be completed under the Commission program, has 
electric couplings. Each of these ships has four Busch-Sulzer 
engines rated 2230 hp at 240 rpm, driving through Westinghouse 
electric couplings and Falk gears. The couplings on these ships 
have proved very satisfactory in service. The ships are excep- 
tionally easy to maneuver. The engine and coupling controls 
are centralized in a control desk. The right-hand lever on the 
desk controls the operation of all four couplings. The usual pro- 
cedure is to warm up two engines ahead and two astern at the 
“stand-by” signal. Then the operator can carry out any ma- 
neuver except “full ahead” or “full astern” by means of the 
coupling control and engine-speed levers. No starting air is 
consumed and the ease of operation is comparable to Diesel- 
electric drives. The writer has observed response to six bells in 
1 min when docking. 

The couplings on these vessels have about 100 per cent torque 
at high values of slip. This enables a crash-stop reversal to be 
made by disconnecting the engines from the propeller and re- 
versing them at no load. The couplings are then energized and 
reverse the propeller while the engines run on fuel. This method 
of reversal is very fast and uses little starting air. The Mormac- 
penn was forced to make a crash stop in New York harbor to 
avoid a collision in a fog. The propeller was turning at higher 
than full speed astern in less than 1 min. While this time was 
shortened by the fact that the ship was not up to full speed ahead 
when the reversal was started, the quick reversal was credited 
with avoiding a crash. It is doubtful if a coupling with torque, 
as shown in the curves of the paper, would be able to reverse the 
propeller from full speed. 

The writer was greatly interested in the mathematical analysis 
of the characteristics of the coupling which affect torsional vibra- 
tion. When his company first studied electric couplings, some 
engineers recognized the torsional characteristics and worked up 
curves similar to the author’s Fig. 5 for the Navy. Discussions 
of torsional characteristics led up to the extensive tests made by 
Mr. Dashefsky which were mentioned in the paper. It is im- 
possible to compare the formulas in the paper exactly with those 
published‘ by the writer and others because differences in con- 
struction modify the analysis. The A.S.E.A. couplings are built 
of solid iron in the secondary core and the analysis must take 
care of eddy currents induced in the iron parts. We use laminated- 
iron cores and these eddy currents have negligible effect and were 


6 A.S.E.A. Journal, March, 1940. 
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neglected in the analysis. The curves obtained show that the 
two methods give similar results. 

It is hoped that the amuunt of mathematical work done in 
determining the characteristics of electric couplings has not 
created the impression that torsional vibration presents a serious 
problem when they are used. Rather, the studies have been 
undertaken so that the designer may calculate the characteristics 
accurately, and predict the performance. When we know how a 
coupling acts, we can apply it properly. The large number in 
trouble-free active service constitutes the best proof that such 
couplings do protect the gears from torsional vibrations as well 
as aiding in maneuvering and performing all their other functions 
as discussed in the paper. 

The question has come up regarding the heating of the cou- 
plings during maneuvering; for example the chief engineer on one 
Scandinavian vessel has said that he could not maneuver with 
the couplings because they overheated. It is not surprising that 
this happened with couplings which were not designed for this 
service. 

As mentioned previously, the Maritime Commission engineers 
are largely responsible for the use of the couplings for maneuver- 
ing. For their ships, they specified sufficient torque to enable the 
couplings to perform this service, and also made sure that the 
couplings were adequate from a heating standpoint. 

During the maneuvering, the couplings act as clutches. There 
is no mechanical contact between the two members, and hence 
there is no wear to cause maintenance. However, as in any 
clutch when the slip is high, energy must be dissipated. This 
energy appears as heat in the bars of the squirrel-cage winding. 
The time of operation at high slip is short, but the rate of heat 
generation is high, and little of the heat can flow out of the bars. 
A large portion of it has to be stored in the bars, and the only 
way to keep the temperature down is to provide a large mass of 
material to store the heat. For this reason, the bars must be 
made as large as possible. 

This squirrel-cage winding is very rugged, since it consists of 
bars driven into slots in the core, and brazed with a high-tem- 
perature alloy at the ends to short-circuiting rings. There is no 
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insulation to roast out, and the winding can stand high tempera- 
tures without injury. The most severe operating condition is 
during a reversal from full ahead when the couplings are dis- 
engaged while the engines are reversed and brought to about half 
speed astern. When the couplings are energized, they must 
bring the propeller to rest and then pull it up to the engine speed 
astern. They are designed to do this with moderate temperature 
rise, since margin must be provided to take care of any unusual 
operating conditions which might increase the heating. 

During the trials of the eight Maritime Commission ships 
using electric couplings which have been completed, the cou- 
plings were often subjected to service several times worse than a 
normal reversal without injury. On the trials and the several 
trips in active service, the couplings have been subjected to 
every normal type of maneuver plus many abnormal ones with- 
out any damage of any kind from overheating. 


AvUTHOR’s CLOSURE 


Mr. Lory’s discussion constitutes an important addition to the 
material presented, especially as regards operating experience 
with couplings of this type. 

Since presentation of the paper, we have had the opportunity 
to study closely the operation of two couplings in a twin-screw, 
direct-drive installation. Maintenance has been conspicuous by 
its absence, although these units have been in service 8 months 
in addition to a continuous 17-day shop test at 80 per cent power 
and 24 hours at full rating. While these couplings are not specifi- 
cally designed to reverse the propeller from full speed, early 
ship-board tests soon established their adequacy for this maneu- 
ver; the units have been so operated since. It should be recog- 
nized, however, that in the interval between coupling disengage- 
ment and re-engagement, a reduction in propeller-shaft speed 
and necessary reversing torque will have taken place. The 
amount of reduction is a function of ship inertia and resistance. 

Mr. Lory properly emphasizes the true importance of the vibra- 
tion studies made for these couplings, and the author earnestly 
hopes that misinterpretation has not occurred as a result of the 
space devoted to this aspect of design. 
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Flexible Couplings for Internal-Combustion 


Engines 


By J. ORMONDROYD,' ANN ARBOR, MICH. 


Four typical dynamical cases of torsionally flexible 
“linear’’ couplings are examined: (1) Instantaneous 
applications of the maximum engine torque; (2) instan- 
taneous stoppage of the engine or the driven member; 
(3) dangerous torsional resonance; and (4) tooth chatter 
in geared drives. 


HI basic purposes of any coupling are to tie together com- 

ponent parts of a rotating assembly and to transmit the 

operating torque safely between the parts. The wide di- 
versity of coupling designs indicates that they are often expected 
to be more than mere concatenating links and transmitters of 
torque. Even when the component parts of the rotating as- 
semblage are supposed to maintain fixed relative positions, the 
problem of alignment has forced the design of couplings with 
various degrees of freedom compatible with carrying out their 
basic functions. A large class of couplings embodying elastically 
flexible elements exists. These couplings are not only expected 
to concatenate component parts, transmit torque, and provide a 
certain amount of leeway in alignment, but they are also expected 
to provide a protection to the rotating system which would not 
exist if the flexibility were omitted. 

The protection needed by the system is not always clear to 
the design engineer. In general, flexible couplings are useful in 
“dynamic” situations in which angular velocities are changing 
or in which the driving or delivered torques are variable. A 
second generalization, which cannot be emphasized too strongly, 
is that a flexible coupling is embodied in a complete rotating 
system, and its effects depend as much on the system character- 
istics as on its own properties. Such data as hub size, installa- 
tion dimensions, and allowable horsepower per hundred revolu- 
tions per minute based on nominal load torque are necessary, 
but they are not sufficient to determine a successful application. 

The effect of a flexible coupling is measured by the difference 
in operation with the added flexibility and the operation without 
it. The difference to be expected can often be predicted by 
dynamic analysis of the whole rotating system with and without 
the coupling. 

Four typical dynamical situations in which torsionally flexible 
couplings are often considered will be examined. In all cases 
the coupling will be considered as “linear,” that is, the angular 
deflection or twist between the driving and driven sides of the 
coupling will be proportional to the torque transmitted in a 
static test. The four cases are: 

1 Instantaneous application of the maximum engine torque. 

2 Instantaneous stoppage of the engine or the driven member. 
3 Dangerous torsional resonance. 

4 Tooth chatter in geared drives. 


INSTANTANEOUSLY APPLIED TORQUE 


_ This situation is an idealized limiting case of suddenly applied 
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torque. It is worse than any actual case can be. If a coupling 
can be made to meet this situation safely, it will be more than 
adequate to meet any rapidly rising torque. To simplify the 
problem consider the engine as a single body of moment of inertia /; 
and the driven member as another body of moment of inertia 
I;, The coupling and other connecting shafting has an over-all 
spring constant K. The suddenly applied engine torque is T. 
Friction torque and load torque can be ignored since the maxi- 
mum distress in the connecting shafting will occur soon after the 
engine torque is applied and long before any load or friction torque 
an be developed. Let 6; be the motion of J; and ¢ be the angle 
of twist in the coupling members. Under these assumptions, 
Newton’s second and third laws give the following equations of 
torque 


Eliminating 6, we get 
T 


From this 


@ = Asin pt + B cos pt — —........-... [4] 
where 


and A and B are constants depending on initial conditions. When 


do 
t = 0, ¢@ = 0, and 7 = 0, therefore 


T 


The torque in the coupling connection is 


I; 
(cos p ) (6) 
The maximum absolute value of the torque in the coupling 
members occurs when cos pt = —1l. It is 
2T 

I; 


The torque twisting the connecting members is independent 
of the spring constant of these members, depends on the ratio 
I,/Iz, and can never be greater than 27. 

Evidently, this is one dynamic problem in which a spring 
coupling offers no advantages. If the ordinary shafting which 
connects the two rotating members is made strong enough to 
stand twice the maximum possible torque that the engine can 
put out, everything has been done that can be done for this 
particular case. 
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INSTANTANEOUS STOPPAGE OF ONE RoTaTING MEMBER 


Using the same system as before, there are two cases, depending 
on which rotating member is stopped. In either case the entire 
kinetic energy of the free body must be stored in the elastic 
coupling members, if the energy lost in frictional dissipation is 
ignored. In these cases 


C/K = ('/2)/iw* (if is suddenly stopped)... . [8] 
or = (if is suddenly stopped)... . [9] 


In both equations w is the angular velocity of the entire rotating 
system just before the sudden stoppage. In either case 


where n is either 1 or 2. 
The maximum twisting torque in the coupling member is 


If My is the maximum torque with the usual rigid coupling and 
M, is the maximum torque with the flexible coupling in place, 
and Kp, is the original spring constant of the coupling shafting 
and K, is the spring constant of the flexible coupling, then 


Any reduction in twisting torque desired can be made by 
choosing K,; small enough. Naturally the coupling parts must 
be strong enough to withstand successfully the twisting torque M. 

This case is a particular instance of impact. If two absolutely 
rigid bodies collide, the impact force is infinite in magnitude. 
If a spring is interposed between the bodies, the forces between 
them become finite and controllable. 


TORSIONAL RESONANCE 


This phenomenon has been treated extensively in technical 
literature and will not be discussed in detail here. The natural 
frequencies and ‘‘normal elastic curves” which can be calculated 
by using the Holzer method familiar to many engineers are 
fruitful guides in judging the usefulness of flexible couplings in 
particular cases. These data, usually determined for the case 
of no frictional damping, must often be supplemented by esti- 
mates of the effects of damping on the amplitudes and stresses 
which occur at resonance. 

In applying a flexible coupling to a rotating system its effects 
on more than the lowest natural mode of vibration of the system 
must often be considered. If the operating speed of the engine- 
driven system is constant, a flexible coupling will often suffice 
to make operation at that speed free from dangerous amplitudes 
of motion. If the operating speed is variable, flexible couplings 
without damping devices are often “snares and delusions.” 
There are some systems in which a properly designed flexible 
coupling will put the lowest natural frequency of the system 
below the idling speed, and the next higher mode of motion may 
have its resonance above the running range; but many actual 
systems, such as modern line airplane engines, are not so easily 
handled. The coupling may make one mode safe; but have no 
protective value at all in another mode of motion. 

This problem presents an example of the influence of the entire 
rotating system on the operating characteristics of the flexible 
coupling. 
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Grar-Toorn CHATTER 


Consider an internal-combustion engine driving a centrifugal 
pump through a step-up gear. An eight-cylinder line engine 
with a maximum speed of 900 rpm will be considered. Since we 
are interested in general ideas, the system can be represented 
in the simplified form of three flywheels connected by two tor- 
sional springs. This system permits a general survey of the 
possibilities of gear-tooth chatter at resonance in the one-noded 
mode of motion. It would not serve well to investigate the 
possibilities in the two-noded mode of motion. 


Let 1, = the moment of inertia of the engine rotating parts 
I, = the moment of inertia of the flywheel 
7; = the combined moment of inertia of the gearing and 
centrifugal pump (all reduced to the engine-shaft 
speed) 
K, = the spring constant of the engine shaft 
Ky, = the spring constant of the connecting elements 


between the flywheel and the slow-speed gear. 
This will include any flexible coupling which may 
be used. 

The calculations made assume that the gear teeth remain in 
contact on one side even during resonance vibrations. In fact 
this is a necessary state of affairs if the gear is to operate quietly. 
It can be realized in practice if the maximum inertia torque of 
the pump and pinion never exceed the load torque transmitted 
through the gearing to the pump. 

It is proposed to make a preliminary survey of the vibration 
and gear-chatter possibilities of this system by merely calculating 
the frequency and “normal elastic curve” without damping, using 
the usual Holzer method. The analysis proposed does not give 
the actual amplitudes of motion which will be encountered in 
operation at resonance. It merely gives an idea of the best 
results which can be attained by varying the parts of the system. 
The best that can be done by varying the flexibilities and moments 
of inertia may not be good enough, in which case special devices 
for ameliorating the vibration conditions may have to be intro- 
duced into the system. However, the operating conditions in 
many systems have been made safe by simply varying the flexible 
and inertia elements. 

Two major assumptions are made in the following calculations. 
They are: 

1 The damping in the system is unknown; but it is assumed 
to remain at or near the same value no matter what changes 
are made in the system. 

2 For the major critical speeds in the lowest mode of motion 
the energy input per cycle is assumed to be proportional to the 
average of the relative amplitudes of motion of the engine /; 
and the flywheel J2. 

Based on these two assumptions the actual amplitudes en- 
countered will be proportional to the average of the relative ampli- 
tudes of the engine and flywheel in any given combination con- 
sidered. 

For the simplified system considered the single-noded frequency 
f = p/2m can be calculated from 


yo I, + I, + Tl, 


and the relative amplitudes of motion for l,, J2, and J; are re- 
spectively 
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Ag p* 
{15] 
A, 
2 
A; 
= [16] 
A, 
K2/T; 


To make the problem concrete assume that the system is 
originally laid out so that 7; = 60 Ib in. sec?; J: = 200 lb in. 
sec?; 1; = 160 lbin. sec*, K, = 5 X 10° lbin. per radian; and Kz = 
30 X 10° lb in. per radian. Substituting these values in the 
equations it is found that the one-noded, fourth-order critical 
speed will occur near 725 rpm and that the node (or point of 
maximum shear stress) lies in the crankshaft near the flywheel. 
Since the engine might operate at this speed this information is 
quite disturbing. 

By introducing a flexible coupling between the flywheel and 
the gear, it may be possible to place the critical speed at a low 
running speed and also the point of maximum twist may be 
shifted from the crankshaft into the coupling where damage 
will be less expensive and more easily repaired. The effect of 
varying A, by introducing additional flexibility is seen in Fig. 1 
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NS 
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By reducing Ky to one tenth of its original value it is possible 
to depress the critical speed down to 400 rpm and to displace the 
largest twist from the crankshaft into the coupling. The actual 
twist in the crankshaft is also reduced to about one half of its 
original value. 

This last conclusion follows from the fact that the actual am- 
The 


plitudes and twists are proportional to — relative 


twist in the crankshaft is A, — Ay The actual twist will then 
be proportional to 9 = (A; — A), or to — =, 
two different values K, and K,’ the relationship between actual 
twists will be 


For 


__ 
1 A}? 
For K, = 30 X 10 lb in. per radian and K,’ = 3 X 108 |b in. 
per radian, this ratio is approximately one half. 
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The data from Equations [13] to [16] also permit an estimate 
of the possibility for tooth chatter. If the actual moment of 
inertia of the centrifugal pump and its pinion is /;’, its equivalent 
value reduced to gear speed is n*/;’, where n is the gear speed-up 
ratio. The maximum inertia torque of the pump and pinion, 
referred to the gear, is n°J;’p?A;. Since the actual value of A; 
A A, 

ES the actual value of the inertia torque 
A.) 


9 


mitted through the gear is the pump-load torque. 
gal pump this torque is T = 


is proportional to 


is proportional to The load torque trans- 


For a centrifu- 
CN?, where N is the engine rpm 
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Fig. 2. Errects or VaryinG Ix, Kz = 3 X 10° LB IN. PER RADIAN 


and C’ is a constant depending on the dimensions of the pump. 
n?1;'p?A;(A A 

For quiet operation at resonance CN? > or 

A») 


2CN? 


Since at resonance with the fourth- 
900 
order harmonic torque N? = 76 p?, then 


C A;(A, + A2) <1 


Because n?, J;’, and C are independent of changes in Kg, it can 
be seen that the tendency for the gears to chatter is proportional 
to A;(A; + Az). 

From Fig. 1 it can be deduced that this quantity A3;(A; + A3) 
has increased 10 to 1 as Kz is reduced from 30 X 108 lb in. per 
radian to 3 X 10° lb in. per radian. While this rough analysis 
does not indicate whether the gear teeth will actually chatter, 
it does emphasize the fact that tooth chatter is far more likely to 
occur with the flexible coupling than without it. While the intro- 
duction of the coupling has reduced the stress in the crankshaft 
and lowered the critical speed to a range in which the engine is 
less likely to run, it has increased the probability of gear noise 
at this lowered critical speed enormously. Evidently, the intro- 
duction of additional flexibility without some other change in 
the system may, in this case, merely change the problems en- 
countered in the design. 

What other characteristic of the system can be changed so 
that the favorable changes introduced by the coupling can be 
maintained while the unfavorable developments can be mini- 
mized? Naturally, the engine, gears, and pump are not easily 
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modified. The flywheel is a member which can be modified 
without undue practical cifficulty. Fig. 2 indicates the change 
of conditions brought about by varying J, from 200 lb in. sec? to 
20 lb in. sec*, keeping K2 constant at 3 X 10° lbin. radian. For 
I, = 20 lb in. sec? the value of N is not raised much nor is the 
actual twist in the engine shaft changed much; but the value 
of (A; + Ag)Az is reduced to one third of its value for J, = 200 
Ib in. sec*. While this value is still three times greater than it 
was in the original design, it is a large change in the right direction. 

A further change which could be investigated would be the 
introduction of an additional flywheel between the flexible 
coupling and the slow-speed gear. This would reduce N, the 
actual twist in the crankshaft, and (A; + A2)As, all steps in the 
right direction. This additional flywheel, if used at all, should 
not be introduced on the high-speed side of the gearing since it 
would then increase J;’ and thereby increase the tendency to 
produce gear chatter. 

After these three things have been done, all steps which are 
easy tc take have been taken. If, after all this, the system 
actually has amplitudes of vibration so large that dangerous 
stresses exist in the crankshaft or coupling and gear chatter 
develops, then the designer is really confronted with a difficult 
problem. Devices especially designed to reduce vibration 
would have to be introduced into the system, and this represents 
a major problem after the system is put into operation. 

This last case was discussed in some detail to indicate that 
successful coupling application is only possible through complete 
dynamic analysis of the entire rotating system. It should be 
remembered that only the effects on the lowest mode of vibration 
have been investigated. In many cases the second and third 
modes of motion might have to be analyzed in the same manner 
in order to insure safe or noiseless operation. 


NONLINEAR 


It is a popular misconception that flexible couplings which 
have torque-deflection curves that are not straight lines are 
cure-alls for torsional-vibration troubles. It is often imagined 
that torsional resonance cannot occur if such a coupling is 
introduced into the rotating systems. This belief may be based 
on the statements made by recognized authorities that no 
infinite amplitudes of motion are possible in a system which 
contains a nonlinear coupling, even if frictional damping were 
completely absent. While this is true, and it is also a fact that 
very complicated relationships exist between torque, frequency, 
and amplitude of motion, it should be understood that conditions 
resembling resonance with linear couplings also exist with non- 
linear couplings. Amplitudes of motion large enough to cause 
trouble can exist at certain frequencies even if nonlinear couplings 
are used. The reader is referred to a paper entitled ‘Steady 
Oscillations of Systems With Nonlinear and Unsymmetrical 
Elasticity,”’ by Manfred Rauscher, Trans. A.S.M.E., vol. 60, 
1938, p. A-169. This paper indicates methods by which such 
couplings can be analyzed and also refers to numerous other 
papers on this subject that could be perused to get a complete 
picture of the situation existing when nonlinear couplings are 
used. 


CovuPpLING STRENGTH AND SAFETY 


In this paper only the effects of the elastic properties of the 
coupling have been considered. The ability of the flexible 
elements to withstand the twisting torques encountered in 
operation has been completely omitted. A great variety of 
couplings could be used to get the same flexibility. Each one 
considered would have to be analyzed to ascertain its adequacy 
to meet the operating conditions at resonance. If it is strong 
enough to take the torques at resonance safely, it is more than 
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safe at all other operating speeds. The most general remark 
that can be made in this connection is that safety in a flexible 
coupling is to be attained by using the largest possible volume of 
elastic material which gives the desired spring constant in the 
space available for the coupling. Also, the most efficient use of 
elastic materials in couplings is gotten by stressing the materials 
in pure tension, pure compression, or pure shear. This is usually 
only practical in couplings in which rubber is the elastic medium. 
Where metals form the elastic elements reasonable deflections are 
gotten only by using the material in twist or bending. Under 
these modes of stressing a fair percentage of the metal is not 
carrying large stresses. Under these conditions either very high 
fatigue limits must be used or volumes of metal hard to pack into 
reasonable space limitations must be considered. 


Discussion 


FE. L. Davis.?. Referring to case 1, of the paper, the instantane- 
ous application of maximum engine torque, the formula deriva- 
tion shown in Equations [1] through [7] is considered as a theo- 
retical problem correctly derived but impractically used. This 
problem is intended to represent an engine driving some machine. 
It is believed incorrect to assume a single disk as representing the 
reciprocating-and-rotating-mass system of the entire engine, 
when a solid coupling connects the engine and driven machine. 
On the other hand, it is acceptable to consider the case, as origi- 
nally intended, when there is an abundance of flexibility produced 
through the medium of a flexible coupling. A typical practical 
problem of this nature was calculated by the author in a previous 
article. In the case of a solid coupling, the node was between 
the last cylinder and the engine flywheel, whereas, in the case of a 
flexible coupling the node was in the coupling hub mounted on the 
engine shaft. 

A close approximate derivation can be made for solid couplings 
only by using Equations [1] to [5], inclusive. By placing the 


I I. 
node in the mass /;, we have p? = i. instead of K a “. 
2 142 
‘ig 
Then @ = - K (cos pt — 1) and Equation [6] becomes Kg = I 7, 
T 1/42 
. 
(cos pt — 1) and Equation [7] becomes Mimax = LJ, instead of 
1 2 
= 
1+ 
I, 


27 
The formula Mimax = LJ, can be used for solid couplings, and 
1/42 


2T 
the formula Mimax = ———— can be used for flexible couplings. 
1 
1 
+ L 
In comparing the problems given in the author’s previous 


I 
article,* the value ; = 0.846 for both solid- and flexible-coupling 
2 


problems. When using Equation [7] as revised and as shown, we 
have values of Mmax as 1.0827 and 2.467, respectively. This 
means that the torque in the shaft for a solid coupling is 2.27 
times that for a flexible coupling. It also shows that the maxi- 
mum stress in the case of the solid coupling is in the crankshaft, 
while the maximum stress in the case of a flexible coupling is in 
the coupling. 


2? Analyst, The Falk Corporation, Milwaukee, Wis. e 
3 “Problem of Torsional Vibration Increases With Engine Power, 
by J. Ormondroyd, Machine Design, vol. 3, June, 1931, pp. 37-40. 
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ORMONDROYD —FLEXIBLE COUPLINGS FOR INTERNAL-COMBUSTION ENGINES 


Other values of — and their respective shaft torques are shown 
2 


in the following table: 


1 
I; 2 
»xible} l 
coupling 3 


M max for solid 


coupling j 


Referring to the author’s case 4, tooth chatter in gear drives, 
it is pointed out in the concrete example given that, in the case of 
a solid coupling, the major critical fourth-order speed occurs at 
725 rpm and, in the case of the flexible coupling, the minor second- 
order critical is at 400 rpm. Inasmuch as the operating range of 
this drive is from 700 to 900 rpm and the lowest possible running 
range would be 500 rpm, it is evident that the use of a flexible 
coupling here is advantageous. Fig. 1 of the paper could be 
slightly revised by drawing two horizontal lines at 700 and 900 
rpm to show the operating-speed range for gear-chatter compari- 
son. 

In regard to the equations on the third page of the paper, it is 
found that x? has been omitted. These equations should read as 


follows 
900 
Nt a 
r’8 
- A;(A A.) < 1 
and 900 C (Ay + ) 


W. P. Scumirrer.‘ Reduction of Dynamic Loads. The author 
has reduced four typical dynamical situations to relatively simple 
expressions. Many practical cases cannot be so readily analyzed. 
Take, for instance, the rather complex example of an engine- 
driven system containing a gear train with known tooth-spacing 
errors. The magnitude of the dynamic loading of the gears will 
depend, among other things, upon the rigidity of the system. 
Resilient couplings on both sides of the gears will permit a greater 
degree of acceleration and deceleration of the gear masses in re- 
sponse to the errors, thus, not only localizing their effects, but 
making for materially lower tooth stresses than with nonresilient 
couplings. The solution for any given case may be obtained by 
following the methods developed in a bulletin® published by the 
Society. 

Impact Loading From Driven Machine. Practical examples of 
case 2 are seen in systems in which sudden load decelerations of 
the driven machine take place, thus requiring considerable energy 
to be absorbed. There are numerous cases of the use of resilient 
couplings to alleviate bad situations in severe rolling-mill and 
similar drives. Where all the factors are known, the relative 
stresses can be computed. 

Torsional Resonance. Severe resonance may frequently be 
avoided by application of nonlinear resilient couplings, because 
the tuning changes with the increased amplitude. We agree 
that complete analysis of the rotating system is necessary in order 
to avoid unfavorable situations. No flexible coupling can be ex- 
pected to operate satisfactorily in a bad critical. 

We consider damping a most important property of the “Steel- 
flex” (Bibby) coupling of the writer’s company. The hysteresis 
loop obtained in static testing is due to its characteristic design. 
This is further increased dynamically by the action upon the grease 
within the sealed enclosure. 


‘ Chief Engineer, The Falk Corporation, Milwaukee, Wis. 
°“Dynamic Loads on Gear Teeth,” A.S.M.E. Report of Special 
Research Committee on Strength of Gear Teeth, 1931. 
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Gear-Tooth Chatter. Resilient couplings of this type may be 
relied upon to avoid certain types of tooth chatter. In the rotary- 
drum crushing field, herringbone pinions had formerly to be 
shrouded to avoid their axial displacement during the break in 
tooth contact from effects of the cascading material. The 
shrouds are eliminated whenever the couplings mentioned are 
applied because the potential energy stored is sufficient to 
make the pinion follow the gear when rapid speed fluctuations 
oceur. 

Coupling Strength and Safety. It is exceedingly difficult to 
draw any arbitrary conclusions with respect to the most effica- 
cious use of materials in flexible couplings since so much depends 
on design, as the following analysis will demonstrate. Maximum 
strength in an articulated double-acting coupling is obtained 
when the shear strength of the individual interlocking elements is 
equal. If a nonlinear resilient coupling of the type previously 
mentioned is designed so that the grid is in shear at the limit-load 
peak, its strength at that point is equal to that of the nonresilient 
coupling. At lower torques, the grid transmits the load through a 
continuous variable-span beam. The entire grid material includ- 
ing loops is constantly under stress, thus the resilience of the 
coupling is unusually high, despite comparable size and safety 
factors. 


A. M. Wauu.® For some time past, the writer has been inter- 
ested in the design of couplings for induction-motor drives,’ par- 
ticularly those subject to frequent starts and stops as is the case, 
for example, in the roll-table drive used in continuous strip mills. 
Because of the electrical characteristics of the induction motor, 
such systems on starting are subject to a suddenly applied pulsat- 
ing torque at the line frequency which dies out after atime. This 
type of transient-torque application gives rise to two effects, i.e. 
(1) if the natural frequency of the drive approaches the line fre- 
quency, a resonant condition will be present, and (2) because of 
the sudden application of torque an impact effect occurs, which 
is augmented by the nonlinear characteristic of the usual cou- 
pling. In certain practical applications, considerable trouble has 
arisen from these causes. In cases where motors are started 
and stopped frequently, this problem is of particular impor- 
tance, since a sufficient number of cycles of stress may take 
place eventually to cause failure of the mechanical parts of the 
system. 

The writer wonders whether or not a similar condition may not 
be present during the starting of an internal-combustion engine, 
coupled to its load by means of a flexible coupling. In such a 
case, a suddenly applied pulsating torque, set up as a conse- 
quence of the explosions of individual cylinders, would be present. 
For the nonlinear coupling usually applied in such cases, such a 
torque might give rise to stresses of considerable magnitude as a 
consequence of impact effects. In addition, because of the pul- 
sating torque, due to the explosions of individual cylinders, it 
would appear that there is a possibility of increased torque due to 
resonance for certain values of the natural frequency of the sys- 
tem. It is realized that such conditions probably occur but 
rarely in practice, however, in cases where such systems are 
started and stopped frequently an analysis of such torques might 
be worth-while. 

The writer agrees with the author that conditions resembling 
resonance may occur even with nonlinear couplings. Such condi- 
tions have, in fact, been observed in tests on induction-motor 
drives, the torque being measured by means of a magnetic torsi- 


® Mechanics Department, Westinghouse Research Laboratories, 
East Pittsburgh, Pa. Mem. A.S.M.E. 

7 “Transient Torques in Induction-Motor Drives,” by A. M. Wahl, 
Journal of Applied Mechanics, Trans. A.S.M.E., vol. 63, 1941, pp. 
A-17-A-22. 
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ometer. In certain cases due to such effects torques up to about 
8 times the nominal torque have been recorded. 


AvutTHoR’s CLOSURE 


Mr. Davis is under a grave misapprehension when he con- 
siders that a solid coupling necessarily puts the node (in the single- 
noded mode of motion) in J;.. The node will never be there with 
either solid or flexib!e coupling unless J) = ©. When], = 
Equations [1] and [2] no longer describe the torques in the sys- 
tem. In Equation [1] of the paper the torque 7 acts on J,. 
If J; = ~ no finite value of 7 will move it. In this case @ would 
be zero at all times and the twist torque in the connecting shaft 
would always be zero. This checks Equation [7] for the case in 
which J,/J: approaches infinity. 

If torque 7 is suddenly applied to J. with the flexible shaft 
(including either the solid or flexible coupling) built into a rigid, 
infinite body J, the maximum torque in the shaft and coupling 
will never exceed 27. The conclusions drawn by Mr. Davis on 
the assumption of a node in J, are therefore erroneous. 

Fig. 1 and the discussion from which it arises were intended 
only to indicate trends toward the possibility of tooth chatter. 
No lower limit to the operating range of the engine was men- 
tioned. As a matter of fact the numerical data used in the dis- 
cussion were taken from an actual installation in which tooth 
chatter did develop at low (but actual) operating speeds. The 
actual installation had the tooth chatter removed at all operating 
speeds by reducing J; (the engine flywheel) to the smallest prac- 
tical value. 

The equations on the third page of the paper should contain 
x? as pointed out by Mr. Davis. ‘The omission of +? makes no 
change in the discussion of trends since none of the constants in 
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the last equation on page three was used in plotting the curves. 
The factor A; (A; + A2) is all that appears in the discussion or the 
curves, 

The author has no comment to make on most of Mr. Schmit- 
ter’s discussion but would like to reiterate most strongly that 
nonlinear couplings are not always a cure for resonance. Speeds 
at which excessive amplitudes of motion developed in systems 
containing nonlinear couplings have been observed by the author 
and many other engineers. These speeds can be predicted if the 
torsional characteristics of the coupling and the system are 
known. 

The author has never found damping which naturally exists 
in any coupling to be very efficacious in reducing amplitudes at 
resonance. Coupling damping which is effective must usually be 
achieved by deliberate design. Large damping is seldom en- 
countered in mechanical designs merely as an accidental by- 
product. 

The author has seldom run into torque problems arising from 
the starting or stopping of internal-combustion engines. Such 
engines run through an infinity of torsional critical speeds in 
starting. Practically all of these critical speeds resonate with 
such small harmonics that they are not even detected. Even a 
potentially dangerous critical speed can be passed through with 
safety if the engine has enough torque to accelerate rapidly. 
The author has seen two installations in which the engine charac 
teristics were such that the engines lingered in bad criticals on the 
way up in speed. The amplitudes of motion built up to con- 
siderable value in both cases before the engine governors could 
feed enough oil to push on past the energy-absorbing vibration. 

It is interesting to note that Mr. Wahl has observed conditions 
similar to resonance in a system containing a nonlinear coupling. 
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Combustion Explosions in Pressure Vessels 


Protected With Rupture Disks 


By MERL D. CREECH,' OKLAHOMA CITY, OKLA. 


All too frequently combustion explosions occur in indus- 
trial pressure vessels, particularly compressed-air receiv- 
ers, resulting in loss of life and property damage. The re- 
search described in this paper is the first step in determin- 
ing means to prevent this loss of life and property damage 
when combustion explosions do occur in pressure vessels 
by protecting the vessels from excessive overpressure with 
suitable frangible rupture disks. 


NOMENCLATURE 


HE following nomenclature is used in connection with 
tables appearing in the text of this paper: 


P, = rupture-disk bursting pressure, psi 
P, = initial compression pressure, psi abs. This is 
combined partial pressure of propane vapor and 
compressed air, comprising explosive mixture 
P?, = maximum explosion pressure in vessel, psi abs 
w,/w, = ratio of weight of air to weight of propane vapor in 
explosive mixture 
Pp = partial pressure of propane vapor in explosive 
mixture, in. mercury 
(dp/dt)avg = average rate of pressure rise, psi per sec 
(dp/dt) max = Maximum rate of pressure rise, psi per sec 


MeruHops OF PROTECTING PRESSURE VESSELS 


In many industrial applications a pressure vessel is used for the 
storage of an explosive mixture of compressed air and some 
combustible vapor. Each of these installations represents a 
hazard to life and property. A common example is air receivers. 
Although compressed air is not in itself explosive, the introduc- 
tion of oil into the receiver either from a defective compressor or 
by faulty operation does create a condition responsible for ex- 
plosions, resulting in great loss of life and much property damage 
every year. 

Even though these vessels are always provided with relief 
valves to safeguard them from overpressure, they are not pro- 
tected from the very rapid pressure rise during a combustion 
explosion of their contents. Since the relief valve does not pro- 
tect them and it is obviously difficult to prevent an occasional ac- 
cidental explosion, it seemed worth-while to investigate the ability 
of a rupture disk to relieve harmlessly the explosion pressure. 

The experimental work which had been done previously on 
combustion explosions was investigated. It was found that 
considerable study had been given to combustion explosions in 
small bombs, while little work had been done using larger closed 
vessels. Nothing had been done using a relatively large vessel 
protected by a rupture disk. 

Propane and compressed air constituted the explosive mixture 
chosen, This particular combination was selected not because 
it would be exactly similar to any explosive mixture likely to be 


Engineer, Black, Sivalls & Bryson, Inc. Jun. A.S.M.E. 

Contributed by the Process Industries Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


encountered in practice but because propane is easy to obtain, 
its properties are well known, and it is readily mixed with air to 
form an explosive mixture. In this way the behavior of a rup- 
ture disk when used to relieve a combustion explosion could be 
studied. If the preliminary results proved to be favorable, a 
study of more specific types of explosive mixtures could be under- 
taken later. As will be evident, the results were promising and 
it is intended to study in more detail specific examples of ex- 
plosive mixtures such as are actually encountered in industrial 
applications. 


APPARATUS FOR STUDYING EXPLOSIVE MIXTURES 


Fig. 1 is a scale drawing of the experimental apparatus used. 
It consists of an explosion vessel mounted on a concrete founda- 
tion 8 ft in diam and 3 ft thick to take the recoil when the rup- 
ture disk bursts. The foundation is 5 ft below the ground level. 
Surrounding the vessel is a steel shell 8 ft in diam and 10 ft high. 
The 5-ft section of the shell projecting above the ground is sur- 
rounded by a concentric steel shell 14 ft in diam; the space be- 
tween the two is filled with earth. This is a safety measure 
should the vessel burst during an explosion. 

The vessel itself is a specially constructed are-welded and 
radiographed pressure vessel of 15/s-in-thick high-tensile-strength 
steel, 24 in. inside diam X 10 ft high. It was designed for a safe 
working pressure of 2000 psi. The bottom of the vessel has an 
elliptical head welded to the shell. The top consists of a special 
flange arranged to have various-size rupture disks bolted to it. 

The vessel has a stuffing box installed to allow for the operation 
of a fan in the vessel to promote turbulence and create an intimate 
mixture of the explosive vapor and the compressed air. In addi- 
tion, there is a connection for admitting compressed air and pro- 
pane, a connection for the pressure gage and manometer, threaded 
openings for three spark plugs, and threaded openings for the 
three pressure-recording indicators. 

The ignition of the explosive mixture in the vessel is by means 
of a specially constructed spark plug using a 30-a fuse strip, 
connected across a 110-v a-c circuit. When the fuse melts, the 
arc formed ignites the explosive mixture in the vessel. 

The explosion pressure was recorded by three high-speed en- 
gine indicators. The drums of the indicators were driven by a 
synchronous motor. The drum speed was measured and found 
to be 23.5 in. per sec. 

To synchronize the drums and locate on the diagrams the exact 
instant the disk ruptured, each drum was equipped with a stylus 
on a bell crank. The bell crank on each drum was connected 
to a 3/,-in-diam steel rod running vertically parallel to the axis 
of the explosion vessel. This rod was connected by means of 
another bell crank to a fine steel wire tightly stretched over and 
approximately 6 in. above the rupture disk. When the disk 
burst, the wire caused the rod to move upward approximately 
1/, in., actuating the three bell cranks on the indicator drums. 
Thus the three indicator diagrams were marked simultaneously 
at the instant the rupture disk burst. 


Test PrRocEDURE 


The fuel was liquefied propane, such as is sold commercially 
for domestic gas appliances. The drum of fuel was connected in 
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Fic. 1 ARRANGEMENT OF EXPERIMENTAL EXPLOSION VESSEL 


a manner to permit the propane to vaporize and flow into the 
explosion vessel. The amount of fuel used in any explosion was 
determined by measuring the partial pressure of the vaporized 
propane in the explosion vessel with a mercury manometer. 
After the required amount of propane had been admitted, the 
vessel was charged with compressed air to the preselected initial 
compression pressure. 

The fuel used was assumed to be pure C;Hs. This was prob- 
ably not strictly true but small amounts of lighter and heavier 
fractions would not alter its characteristics appreciably. It was 
also assumed that the vapor pressure and specific volume could 
be calculated by applying the ideal-gas equation of state, Pv = 
wRT, where R is equal to 35.1 lb. Furthermore, in all calcula- 
tions to determine the fuel-air ratio the barometric pressure was 
assumed to be 15 psi. 

Each explosion test was conducted as follows: 

After the desired rupture disk had been bolted to the top of the 
vessel, the paper was fastened to the indicator drums and the 
synchronizing mechanism adjusted. Next, the spark plug was 
screwed into the vessel. Then fuel was admitted until the proper 
partial pressure was registered by the manometer. The valve 
between the manometer and the vessel was closed and compressed 
air admitted until the proper pressure, as shown by the pressure 
gage, was attained. The valve between the vessel and the 
pressure gage was closed. Next, after walking to the remote- 
control station approximately 100 yd away, the fan in the vessel 
was started and allowed to run for 1 min. Then the fan was 
stopped, the indicators started, and the ignition switch closed. 
After the explosion, the indicators were stopped and the ignition 
switch opened. 

The paper was removed from the indicator drums and the 
vessel purged of its burned gases by blowing compressed air in 
at the bottom of the vessel. In cases where the 1500-psi rupture 


disk was used and did not rupture, it was removed and the 
burned gases purged as before. 

In some of the tests, three indicators were used. In others 
only one indicator was used. In all of the indicator diagrams 
reproduced in this paper, where three indicators were used, the 
diagrams are arranged one above the other; the upper diagram 
in the reproduction being the diagram from the indicator located 
at the top of the vessel, the middle diagram being the diagram 
from the indicator at the middle of the vessel, and the lower 
diagram being from the indicator located at the bottom of the 
vessel. Wherever possible, the three diagrams are reproduced 
so that a vertical line will intersect all three explosion lines at the 
same instant of time. Time is measured from the instant the 
disk ruptured. Where three indicators were used and the disk 
did not rupture, there was no way of locating the zero-time line 
on the diagrams. 

In all of the diagrams there are two parallel horizontal lines. 
The lower line is the atmospheric-pressure line and the upper line 
is the initial compression-pressure line. 

A series of tests was conducted to determine the effect of 
varying the air-fuel ratio. Each of these tests was conducted 
using a 4-in-diam 1500-psi-bursting-pressure rupture disk. 
Since the 1500-psi bursting pressure was much higher than any 
explosion pressure encountered, this converted the explosion 
vessel into a closed bomb without any relief. A pressure of 45 
psi gage was used as the combined pressure of the propane and 
compressed air in each of these explosions. The amount of 
propane in the explosive mixture was varied from approximately 
the lower explosive limit nearly to the upper explosive limit. 


OF TESTS 


The data taken from the indicator diagrams for these tests are 
given in Table 1. In Fig. 2 is plotted the relation between the 
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TABLE to air-fuel ratio and the ratio of the maximum explosion pressure 


Test to the initial compression pressure. 
no. Pi P: P:/P: (dp/dt)ave (dp/dt)max PP  — wa/wp Examination of the indicator diagrams reveals that the ratio 
@ = of maximum explosion pressure to the initial compression pres- 

14 60 435 7.24 715 1785 5 15.5 sure was greatest when a mixture of 12.8 parts of air to 1 part 
9! 8.25 1290 1850 6 12.9 
6.42 1830 6 propane by weight was used. This is shown clearly in Fig. 2. 
15 60 425 7.01 804 1355 6 12.9 e of pressure rise was also fo o be a maximum for this 
80 408 1456 4 Th rate of pr ssure rise wa: also f und 
29 60 495 8.25 1660 1860 6 12.9 mixture. For the leaner mixtures, the indicator diagrams were 
22 60 395 6.58 484 1110 7 10.9 
16 60 405 6 67 054 1110 . 10.9 similar to Fig. 3 (test No. 15). For the richer mixtures, Fig. . 
17 60 415 6.92 978 t 8 9.4 test No. 18) and Fig. 5 (test No. 29) may be considered typica 
18 60 320 5.33 793 * 9 8.3 (t ) g. 5 ( ) may yp 
20 60 320 5.33 654 * 9 8.3 diagrams. 
i * Maximum rate of pressure rise for these diagrams would be misleading. The vibrations or pressure waves recorded on the diagrams in 
Figs. 4 and 5 are to be found on all diagrams for the richer mix- 
tures and are never found on the diagrams for the leaner mixtures. 
sciesiue The frequency of these pressure waves is approximately 117 per 

| eo | sec. They appear to be the sum of several vibrations of differing 


x er | i | | | frequencies. The small ripples are of approximately the same 
| . . . 
ee period as the natural frequency of the indicator recording 


me mechanism. Another characteristic is that the amplitude of these 
ae ‘ vibrations is a maximum at the point of maximum explosion 
@ 6b L pressure. Yet another characteristic is that the vibrations are 
a | | | very similar for the diagrams taken at the top and bottom of the 
POINTS | 
y ae | vessel. However, for the diagram taken at the middle of the 
dt T T vessel, their amplitude is very much less and their frequency is 
| not so well defined. This is well illustrated in Fig. 5. 
41 Since the air-fuel ratio of 12.8 to 1 gave the highest explosion 
MIXTURE RATIO a pressure and the maximum rate of pressure rise, it was used in all 
subsequent experiments. 
Having selected the air-fuel ratio to be used, a series of tests 
P, = initial compression pressure based on this air-fuel ratio was made with varying initial com- 
P: = maximum explosion pressure pression pressures. These explosions, too, were made without 
we = weight of air in mixture 
wp = weight of propane vapor in mixture any relief, using the vessel as a closed bomb. The data from the 
3-12°8-39 


Fig. 3) Test No. 15: INpicator DIAGRAM FOR CLOSED VeEsseEL WitHouT Rupture Disk Dip Nor Burst 


(For this test the spark plug was at the bottom of the explosion vessel and the indicator at the top. The partial pressure of the propane vapor was 
6 in. of mercury and total initial pressure was 60 psi abs.) 


6-/2-8-39 


Fic. 4 No. 18: Typicat INpicator DrtaGrRam SHOWING PrReEssuRE Waves UNpbER CERTAIN CONDITIONS WHEN RupTURE 
Disk Dip Nort Burst 


(For this test the spark plug was at the bottom of the vessel and the indicator at the top. The partial pressure of the propane vapor was 9 in. of 
mercury and the total initial pressure was 60 psi abs.) 
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Fie. 5 Test No. 29: Taree Simuttaneous Inpicator DIAGRAMS FOR CLOsED VesseL WitHout RELIEF 
For this test the spark plug was at the bottom. The partial pressure of the propane was 6 in. of mercury; the total initial pressure was 60 psi abs.) 
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TABLE 2 DATA TAKEN FROM INDICATOR DIAG 
TESTS CONDUCTED WITH SELECTED AIR-F 


RAMS DURING 
UEL RATIO 


Pp wa/wp (dp/dt)ave 
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TABLE3 DATA TAKEN FROM INDICATOR DIAGRAMS DURING 
TESTS USING 4-IN-DIAM RUPTURE DISK 


INITIAL COMPRESSION PRESSURE , PSI ABS 
PORK 


PTURE 
Is 


Wa /Wp 


~ 


50 
400 600 800 


O00 1200 


MAXIMUM EXPLOSION PRESSURE, PS! ABS 


Fic. 6 Curve SHOWING RELATION BETWEEN INITIAL COMPRESSION 
PRESSURE AND MAxIMuUM EXPLOSION PRESSURE 


T- 3-12 


(2-11-59 
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Fic. 7 Test No. 28: Typicat Inpicator DiaGRaMs WHERE 4-IN-D1AM Rupture Disk Is Usep 
(The spark plug was at the bottom of the vessel. The partial pressure of the propane was 6 in. of mercury and the total initial pressure was 60 psi a! 
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Fic. 8 Test No. 47: Inpicator D1aGrRaMs For Test WHERE 8-IN-D14m Rupture Disk Was Usep 


(The spark plug was at the bottom of the vessel. The partial paaene of ny propane was 9.7 in. of mercury and the total initial pressure 
was 97 psi abs. 
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TABLE 5 RESULTS OF FOUR TESTS USING 12-IN-DIAM TABLE 6 RESULTS OF TESTS TO DETERMINE THE EFFECTS 
RUPTURE DISK OF VOLUME OF EXPLOSION VESSEL 
Test Test 
no. Ps My Pr P2/P, Pp wa/wp no. Ps Pi P2 P2/Py Pp wa/Wp 
55 150 115 335 2.91 11.5 12.8 60 134 103 265 2.58 10.3 12.8 
4 85 71 175 2.46 7.1 12.8 59 75 65 165 2.54 6.5 12.8 
53 105 85 215 2.53 8.5 12.8 58 105 85 215 2.53 8.5 12.8 
52 85 71 175 2.46 7.1 12.8 57 122 97 255 2.48 9.7 12.8 
13-12-15 39 
hic. 9 Test No. 54: Typicat Inpicator Diagrams Wuere 12-InN-D1am Rupture Disk Was Usep To RELIEVE Explosion PRESSURE 


(For this test the spark plug was at the bottom of the vessel. 


The partial pressure of the propane was 7.1 in. of mercury and the initial total pressure 


was 71 psi abs.) 


14-12-05 


8-412 


Fic. 10) Test No. 55: 
(For this test the spark plug was at the bottom of the vessel 


Typicat INpicaror DiaGRAMS WHERE 12-IN-Dtam Rupture Disk Was UsEep 
The partial pressure of the propane was 11.5 in. 


of mercury, while the initial tota 


pressure was 115 psi abs.) 


Fig. 11 


vapor was 5 in. of mercury. 


indicator diagrams for these explosions are given in Table 2. 
The relation between the initial compression pressure and the 
maximum explosion pressure is plotted in Fig. 6. 

An examination of the data plotted in Fig. 6 indicates that the 
relation between the maximum explosion pressure and the initial 
compression pressure in a closed vessel is linear for the range of 
pressure covered. The maximum explosion pressure was ap- 
proximately eight times the initial compression pressure. 

Next, the flange for the 4-in-diam rupture disk was bolted to 
the explosion vessel. Five tests were conducted using an air- 
fuel ratio of 12.8 to 1 and various initial compression pressures. 
The data taken from the indicator cards for these tests are tabu- 
lated in Table 3. A typical group of three simultaneous indicator 
cards is reproduced in Fig. 7 (test No. 28). 

It was found that, when the vessel was protected with a 4-in- 
diam rupture disk, the maximum explosion pressure had dropped 
to 4.25 times the initial compression pressure. 


TypicaL INDICATOR DIAGRAM SHOWING LARGE PRESSURE WAVES WHEN LARGE Disk RupTuURES 


(The spark plug was at the bottom of the vessel and the diagram is from the indicator at the bottom of the vessel. 
The total initial compression pressure was 75 psi abs. 


The partial pressure of the propane 
The rupture disk was 16 in. in diam. 


A series of six tests was made, using an 8-in-diam rupture disk 
on the explosion vessel. The data taken from this group of tests 
are given in Table 4. Fig. 8 (test No. 47) is a reproduction of a 
typical group of three simultaneous indicator cards. It was 
found that, when an 8-in-diam rupture disk was used to relieve 
the explosion pressure, the maximum pressure attained by the 
exploding mixture in the vessel was further reduced to 3.6 times 
the initial compression pressure. 

Four tests were made using a 12-in-diam rupture disk. The 
data from these tests are given in Table 5. The three simul- 
taneous indicator cards are reproduced in Fig. 9 (test No. 54) 
and in Fig. 10 (test No. 55). These are typical of all the tests for 
this size rupture disk. Here it was found that for this size rup- 
ture disk the maximum pressure was only 2.5 times the initial 
compression pressure. 

To determine the effect of the volume of the explosion vessel, 
a group of four tests was undertaken using 8-in-diam rupture 
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disks with the vessel one half full of water. The data from these 
tests are tabulated in Table 6. The ratio of the maximum pres- 
sure to initial compression was found to be 2.5 instead of 3.6 for 
the entire vessel. 

Additional tests were conducted using 16-in- and 24-in-diam 
rupture disks to relieve the explosion pressure. Fig. 11 is a 
typical indicator card made using a 16-in. rupture disk. It will 
be noted that, immediately after the disk ruptured, several pres- 
sure waves of extremely large amplitude were recorded. Similar 
waves were also present when the 24-in-diam rupture disk was used. 

To demonstrate that these pressure waves are some function of 
the exploding gases and not the bursting of the rupture disk, two 
16-in-diam disks similar in every respect were ruptured by 
rapidly raising the air pressure in the vessel with compressed air. 
When the disk ruptured, the pressure rapidly declined to atmos- 
pheric without any of these vibrations being present. 

Since these large-amplitude vibrations were present only when 
16-in- and 24-in-diam rupture disks were used and not when 
12-in-diam and smaller were used under identical conditions, it 
seems logical to assume the relation of the diameter of the vessel 
to the diameter of the rupture disk determines whether or not 
these waves will appear. Until further studies can be made and 
these pressure waves explained more fully, it will be impossible 
to interpret the value of these large-diameter rupture disks for 
relieving combustion explosions. 

Fig. 12 is a plot of all of the foregoing data. This shows 
clearly the effectiveness of the various sizes of rupture disks in 
relieving the explosion pressure. As was to be expected from 
Fig. 6, the maximum explosion pressure is a linear function of 
the initial compression pressure in every case. 


CONCLUSION 


As was stated at the outset, the object of this investigation 
was the determination of the effectiveness of a rupture disk for 
relieving the rapid pressure rise in a pressure vessel, harmlessly, 
during a combustion explosion of its contents. The experimental 
data presented here are merely a first step toward the solution 
of this problem. This matter is quite complicated and much 
must yet be learned about combustion explosions in general be- 
fore the problem can be called solved. Many of the variables 
which might affect the results were either disregarded or only 
crudely or partially controlled. However, the results thus far 
obtained do indicate that by using a higher factor of safety in 
designing the vessel together with a rupture disk of suitable size, 
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every vessel containing an explosive combustible mixture can be 
protected. For many of the less violently explosive mixtures, a 
rupture disk alone will give absolute protection from a destructive 
explosion. 


Discussion 


C. E. Hurr.? Will rupture disks protect air-receiver tanks and 
air lines in which combustion explosions occur? To find an 
answer to that question, the writer’s company began the explo- 
sion study described in part by the author. 

Observe that, when violent combustion explosions of “ideal” 
explosive mixtures of propane and air were created in the sturdy 
test vessel, there was no difficulty in limiting the maximum pres- 
sure in the vessel by the use of'a rupture disk: 

A 4-in. rupture disk permitted a maximum explosion pressure 
of 4.25 times the working pressure. 

An 8-in. rupture disk kept the maximum explosion pressure in 
the test vessel down to 3.6 times the working pressure. 

A 12-in. rupture disk limited the maximum explosion pressure 
to 2.5 times the working pressure. 

When 16-in. and 24-in. rupture disks were used, the explosion 
pressure was yet further reduced, but accurate readings were not 
obtained. 

When similar mixtures of propane and air were exploded with 
the test vessel sealed with a heavy disk to give the effect of a 
pressure bomb, the maximum explosion pressure was approxi- 
mately 8 times the working pressure. You will see then how 
great was the limiting effect of rupture disks of various sizes. 
Tests were conducted using acetylene and air as the explosive, 
and the results were quite similar to those quoted. 

These experiments certainly show that rupture disks of rea- 
sonable size will provide much needed protection to pressure 
vessels in which combustion explosions of hydrocarbon gas and 
air mixtures occur. 

It may be said: “‘Although rupture disks limited explosion pres- 
sures in these tests, combustion explosions of ‘broken-down’ lu- 
bricating oil and air in actual compressed-air systems may not be 
as easily controlled.”” Let us see: 

Many are familiar with accounts of the terrific compressed-air- 
system explosion in a western New York chemical plant late in 
1939. Two air compressors were wrecked, several receiver tanks 
were burst, and pipe fittings were shattered at all turns in the air 
lines. An oft-repeated question was, ‘‘Would rupture disks have 
protected that air system?” Perhaps now we have an answer! 

Recently, an engineer from the same chemical plant related 
that, soon after the explosion had occurred, rupture disks were 
installed at several points in the rebuilt air system. According 
to this engineer, only a short time ago an explosion occurred in 
the air system and the bursting of one rupture disk prevented 
damage to the system. The damage to the unprotected system 
had exceeded $250,000; the explosion which burst the rupture disk 
cost only the price of a replacement rupture member. 

This is only one of many instances where it is known that rup- 
ture disks have protected compressed-air systems. On the other 
hand, we have never heard of the bursting of an air tank or line 
protected by a rupture disk. 

It has been indicated that this explosion study is to be con- 
tinued, in fact, even now the tests are going forward. However, 
a more fertile field for observing the protective capacity of rup- 
ture disks is in active service where, in the case of thousands of 
air tanks and other pressure vessels, equipped with rupture disks, 
the record shows that not a single pressure vessel protected by 4 
proper rupture disk has ever been damaged by overpressure. 


2 Engineering Department, Black, Sivalls & Bryson, Inc., Kansas 
City, Mo. 
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Mathematics of Surge Vessels and Automatic 
Averaging Control 


By C. E. MASON,’ FOXBORO, MASS., ano G. A. PHILBRICK,? SHARON, MASS. 


In this paper the authors report on a practical applica- 
tion of the quantitative methods which they have described 
previously (2, 6) in connection with process and control 
analysis. First, the properties of surge vessels are con- 
sidered from a functional point of view. The influence on 
these properties of externally applied controls is next 
discussed. Proceeding from the simpler to the more 
involved, control systems of various types are introduced 
and applied to a vessel. The performance of each of these 
applied systems is separately examined and illustrated 
under significant assumed conditions. Considerable at- 
tention is given to a definite method of control which in- 
volves, as the master instrument, one having a propor- 
tional-plus-floating characteristic, and which, it is felt, 
may justifiably be referred to as ‘‘automatic averaging 
control.” 


INTRODUCTION 
\ ACCOUNT of the use of “automatic averaging control” 


as an operating technique in modern continuous processing 

was given recently in a paper (1) by J.B. McMahon. The 
present paper is devoted to a quantitative presentation of the 
mathematics underlying this interesting branch of automatic 
control. 

Dynamically, a surge vessel can be compared both to a shock 
absorber and to a flywheel. Fluid systems possessing such 
properties are supposed to absorb or release fluid at such times 
and in such a manner that violent changes in one or more of a 
group of related flows need not be accompanied by violent 
changes in another. 

In the case of a surge vessel to which fluid is continuously sup- 
plied and from which fluid is continuously withdrawn, all flows 
pertaining to the vessel may be grouped into two sets—a summed 
“inflow” and a summed ‘“‘outflow.”” When these two flows are 
exactly equal, the quantity of fluid stored in the vessel remains 
constant. In general, one of the flows will fluctuate and it will 
be desired to minimize the effect of such fluctuation on the other 
flow. For convenience it may be assumed that the inflow is the 
independently fluctuating quantity and that the outflow varies 
in some fashion as a result. The reverse circumstance is equally 
significant, but the two problems are basically analogous and the 
treatment of one will suffice. 

In the case of a tank holding liquid, which for the sake of 
concreteness will be considered as typical of all possibilities,‘ the 
level at which the liquid stands is an indication of the quantity 


' Director of Engineering, Mason-Neilan Regulator Co., Boston, 
Mass., formerly Director of Control Research, The Foxboro Company. 

* Research Engineer, The Foxboro Company. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

‘Gas holders, steam accumulators, etc., can be subjected to the 
same reasoning as is here applied to surge vessels for liquid. 

Contributed by the Committee on Industrial Instruments and 
Regulators of the Process Industries Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society, 


stored up in the tank. Thus the three variables, i.e., inflow, level, 
and outflow, may be taken as completely descriptive of the 
dynamic state of the system. The behavior of any two of these 
variables definitely determines the behavior of the third. In un- 
controlled surge vessels, the dynamic relationships between 
inflow and level, level and outflow, and inflow and outflow may 
have all variety of forms. When a definite relationship of the 
proper type is enforced between the level and the outflow by 
the application of automatic control, it will be shown that the ef- 
ficiency of the surge vessel as a “shock absorber’’ can be increased 
to a remarkable extent. In such an application, it should not be 
considered that the level is being “controlled” in the conventional 
sense that a predetermined value of level is to be held to within 
close tolerances, nor indeed that the outflow is to be so controlled. 
In reality, the true objective of this type of automatic control is 
to maintain continuously an advantageous relationship between 
these two variables. 

Beginning with an uncontrolled vessel, having only ‘‘self- 
regulation,” the application of control is presented in stages lead- 
ing up to the full automatic-averaging-control installation. 
Each stage is accompanied by an illustration showing results ob- 
tainable in practical cases. Included in each figure is a diagram- 
matic sketch of the particular physical system considered. In 
every case the system shown comprises a vessel with a flow line 
leading to the vessel and a flow line leading from the vessel. In- 
dicating instruments are shown symbolically and are applied to 
the inflow, level, and outflow. The instrument applied to the 
inflow serves merely, in each instance, to give a continuous in- 
dication of that variable, whereas in some of the cases the level 
or the outflow or both are controlled as well as measured; this is 
shown by replacement of the indicator by a controller. 

The nature of the relationships among inflow, level, outflow, 
and time, under cyclic disturbances, makes it appear necessary 
to resort to the somewhat intricate involvements of classical 
differential equations in order to develop explicit quantitative 
expressions for these relationships. However, an investigation 
into the possibilities offered by the symbolic forms of Heaviside’s 
operational calculus discloses an uncanny applicability to these 
purposes. Thus, even though the details of the operational meth- 
ods themselves are beyond the scope of the present paper, such 
methods have been employed in the analytical development. For 
the benefit of those interested in the formal mathematics, a con- 
densed description of the operational procedure is given (in 
italics) in the text under its respective section. The final ex- 
pressions which give the over-all relationships under cyclic 
conditions are included in the main body of the text, which is so 
arranged that complete continuity is not lost by the reader who 
omits the mathematical development. 

If the validity of the final expressions can be established either 
by inspection or by actual usage, it is by no means necessary that 
the actual user even be concerned with their origin or the manner 
of their development, except for the personal satisfaction he might 
derive from a familiarity with the details of the mathematical 
machinery. Oliver Heaviside himself expressed this attitude in 
his famous query: 

“Shall I refuse my dinner because I do not fully understand 
the process of digestion?” 
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A major purpose of this paper is that of demonstrating to the 
practical industrial engineer, such as those who are actually con- 
fronted with averaging control problems, the extreme practicabil- 
ity of some of these simplified formulas. The practical, economic 
value of the formulas cannot, perhaps, be fully appreciated except 
by numerical substitution. The astonishing character of soundly 
derived mathematical results was expressed by Heinrich Hertz: 

“One cannot escape the feeling that these mathematical 
formulas have an independent existence and an intelligence of 
their own; that they are wiser than we are; wiser even than their 
discoverers; that we get more out of them than was originally 
put ito them.” 

The formulas which describe the results under cyclic conditions, 
as presented in the text. contain only those factors which are 
necessary to a practical determination of the over-all response. 
They have been simplified by logical assumptions. Much of the 
complexity and unimportant detail has been eliminated and 
emphasis given to those factors which are or may be influential 
in actual industrial applications. 

Consideration of sine-wave disturbances leads to the appear- 
ance of trigonometric functions in some of the mathematics. It 
is normal practice in much applied mathematics to express trigo- 
nometric angles in radians. Conventional trigonometric tables, 
however, are compiled in terms of angular degrees. For this 
reason a departure is taken from normal practice, in that the 
final forms are made to appear as dimensionless ratios of an ‘‘angle 
whose tangent is something’”’ to an angle of 90°, or as (tan~1X) 
/90°. 

From the simplified general formulas, some exemplary nu- 
merical results have been included in the figures. These results 
pertain only to the particular dimensions assumed for the surge 
vessel and to the particular nature and magnitude of the assumed 
disturbances. It is hoped, however, that these tabulations will 
serve to rationalize the complexities of the general problem. 

The following special nomenclature applies for the simplified 
text as well as for the formal mathematics. 


NoraTION, DEFINITIONS, AND UNITS 


level above an assumed base; feet above bottom of vessel 
normal or “‘desired”’ value of V 
proportional or throttling band of V, ft 
reset constant, units per min 
inflow to vessel (total), gpm 
outflow from vessel (total), gpm 
1/2(Qmin + Qmax) = mid-value of Q 
(Qmax — Qmin) = band in which Q may be varied by 
controls, gpm 
diameter of vessel, assumed upright and cylindrical, ft 
capacity of vessel, gal per ft (= 5.88 d?) 
resistance to outflow (linear), ft per gpm 
b/k = equivalent “resistance” under control, ft per gpm 
time, min 
half-period of oscillation, min 
first derivative of X 
second derivative of X 
= d/dt = differential operator 


NUMERICAL VALUES ASSUMED CONSTANT IN ALL EXAMPLES 


= 5 ft (mid-value of allowable range of level variation) 
100 gpm 
= 300 gpm 
1/2(Qmin + Qmax) = 200 gpm 
(Qmax — Qmin) = 200 gpm 
two values considered = 4.125 and 8.25 ft 
two values considered = 100 and 400 gal per ft 
two values considered = 10 and 20 min 
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Test DisTtuRBANCES (IN INFLOW) APPLIED FoR ALL MopgEs or 
CONTROL 


To represent a wide variety of disturbances, the inflow is as- 
sumed to undergo three different sorts of variation, as follows: 
So-Called Condition (a) 

In a state of perfect balance, the inflow is assumed to change 
suddenly from a constant value of 200 gpm to a new constant 
value of 250 gpm 

This condition can be expressed mathematically as follows: 


Q, = 200 for (¢ < 0), Q, = 250 for (t > 0) 


So-Called Condition (b;) 

The inflow is assumed to be engaged in a permanent sine- 
wave oscillation about a value of 200 gpm at an amplitude of 50 
gpm and with a half-period of 10 min. 

This condition can be expressed mathematically as follows: 


t 
Q, = 200 + 50 sin [10° | for <t< 


So-Called Condition 
Same as condition (b,) but with a half period of 20 min. 
This condition can be expressed mathematically as follows 


t 
0, = 200 + 50 sin [180° | or <t < @) 


Since Resistance-Capacity Unit as SurGeE VESSEL; 
REGULATION 


An elementary resistance-capacity system of the sort described 
(8) Conti tion (b,) Cantortions (D2) 


TIME IN MINS TIME IN MINS TIME IN MINS 
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in an earlier paper (2) by one of the authors can be considered in 
the role of a surge vessel. Fig. 1 shows such a system with indi- 
cating instruments on inflow, level, and outflow. 


5 In the curves of Figs. 1 to 8, full lines are for one capacity and 
dotted lines are for one quarter of the capacity (or one half of the 
diam). 
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Following the development in the earlier reference we may 
write 


The two following basic equations are obtainable by familiar 
methods from Equations [1] and [2] 


Solutions, similar to those in the earlier paper (2), for the 
response of the level and the outflow, when the inflow is changed 
suddenly from a constant value of 200 gpm to a new constant 
value of 250 gpm, are shown by the curves under condition (a) 
of Fig. 1. The numerical equations given in the same figure, for 
the same assumed conditions, express the deviation of the level V 
from the normal value of V, = 5 ft and the deviation of the out- 
flow Q from Q,, = 200 gpm. 


* * 


Operational methods can also be used for solutions of this sort 
and are especially useful when oscillatory disturbances are to be 
dealt with. Operational or symbolic calculus has been placed on 
a rigorous foundation and a number of excellent texts (3, 4, 5) are 
available which describe tts application. From Equations [3] and 
[4], the following equivalent operational expressions are directly 
derived 


V = Q, [5] 
1+ ARp 
1 
Q 1+ ARp 


For a single sudden change in Q,, simple exponential solutions 
can be obtained directly from Equations [5] and [6] as well as from 
Equations [3] and [4]. 

For steady sine-wave oscillations in the inflow, the amplitude 
and phase of the resulting oscillations of level and outflow are obtain- 
able by replacing p in the operators with the imaginary angular 
velocity (ix/h). Briefly, if the operator then becomes (u + iv), 
the relative amplitude is given by +/u? + v2 and the phase angle 
by tan-'(v/u), while the true* lag in time units is —(h/x) 
(v/u). Thus for steady oscillations in the inflow the amplitude 
and lag response of the level and outflow can be obtained from Equa- 
tions |5| and [6] and are summarized as follows: 


Ampl. of V R 
Ampl. of Q. + G 


where 
G = rAR/h 
Lag of V versus Q, = tan~! (G@) 


Ampl. of Q 1 
Ampl. of Q, VW1+G 


Lag of Q versus Q, = same as for V 


* * * 


The equations expressing the values of V and Q under cyclic 
disturbances of the inflow must contain harmonic functions of 
time. These can be brought into the equations as sine functions 
of angular degrees. General forms for the equations of V and Q 
under the eyelie conditions (b;) and (b,) may be written 


* Time lag, as such, should not be given significance except in the 
case of sinusoidal oscillations, as here, or in the case of a pure time 
delay or distance-velocity lag (2). 


t—T 
V =V, + A,sin [7] 
h 
t—T 
Q=Q, + A, sin 10° [8] 


The expressions for use under cyclic conditions, which were 
developed as previously shown by operational methods, may be 
used to supply the following formulas for the new constants ap- 
pearing in Equations [7] and [8]. 


R X (Ampl. of Q,) 
V1+ 


= level variation in feet 


A, = Ampl. of V = 


(Ampl. of Q,) 


V1+@ 


outflow variation in gpm 


A, = Ampl. of Q = 


h tan~! (G) 
T, = T, = pl = time in minutes by which cycles of 


2 = 90° V and of Q lag behind the cycles of 
Q, 


The constant G depends upon the characteristics of the process 
and upon the half-period of the inflow oscillations. Its numerical 
value is given by 

AR 


G = 


The quantities ‘‘Ampl. of V,” “Ampl. of Q,” and “Ampl. of Q,” 
are the magnitudes of the maximum variation of these variables 
on either side of their mean values, i.e., one half of their total 
variation. 

The results of numerical substitution in the general formulas, 
for the assumed conditions (b,) and (6), are included in Fig. 1, 
together with the curves of their solutions plotted against time. 
These curves show that the level and the outflow oscillate exactly 
in phase with one another, but that they are out of phase with the 
inflow. 

The principal merit of this arrangement as a surge-absorbing 
system lies in its simplicity. Smoothing of the outflow versus the 
inflow is not impressive. The level can reach an eventual balance 
anywhere in the vessel, depending upon the average value of the 
inflow. 


INDEPENDENT CONTROL OF THE OUTFLOW 


In this case a flow controller is installed directly on the outflow, 
as illustrated in Fig. 2, and is assumed to be completely successful 
in maintaining this flow at a constant value. 

From the universally valid Equation [1] 


(9) 


Where the mean flow Q,, is the constant value at which the out- 
flow happens to be controlled. Equation [9] may be written as 
the indefinite integral 


fo Qn)dt 


which is equivalent to the statement that the level “integrates” 
the excess of the inflow over the controlled outflow, and does so in 
inverse proportion to the capacity of the vessel. 
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Fie. 2. Liwitine Case; INDEPENDENT CoNTROL OF OUTFLOW 


For a sudden sustained increase in the inflow Q, above Q,,, 
that is for condition (a), it is evident that the level assumes a 
constant rate of increase which depends upon the capacity A, as 
shown in Fig. 2. 


Operationally 


In the case of continuous oscillation of the inflow Q,, under condi- 
tions (b,) and (be), the level response may be found by direct integra- 
tion or by the formal p = ix/h substitution already employed. Thus 
for sine-wave oscillations, we obtain the following response 


Ampl. of V _ Ah 
Ampl. of Q, 7A 
Lag of V versus Q, = (h/x) tan-!() = h/2 
(Constant) 


* * * 


The general form of the equations for the cyclic conditions (b;) 
and (b,) are 


V =V,+4,sin 10° 


Q =, 


in which 
h 
A, = Ampl. of V = 0.318 7 (Ampl. of Q,) 
= level variation in feet 


h 
T, = = = time in minutes by which the cycles of V lag behind 
cycles of Q, 


The results of numerical substitution in the general Equation 
[7], for the assumed conditions (b,) and (b:), are given in} Fig. 2 
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together with curves of their time solutions. The behavior in 
this case under cyclic conditions (b;) and (bz) represents the limit- 
ing case of “perfect” averaging operation, based on oscillation of 
the inflow about a constant mean value. It is interesting to note, 
from the formulas for A, and 7’,, that the level variations are 
directly proportional to the period of the inflow variations 
and inversely proportional to the capacity or area of the vessel, 
and that the cycles of the level are exactly one-fourth period out 
of phase with the cycles of the inflow. This is evident also from 
the curves. 

With this type of control, perfect smoothing of the outflow 
with respect to the inflow is made inevitable by the application of 
the flow controller on the outflow, but no recognition is taken 
of the level, which will gradually rise or fall, even to limits, de- 
pending upon the difference between the accumulated average 
of the inflow and the value at which the outflow is controlled. 

In practical application of this method, periodic manual re- 
adjustment of the controlled outflow may in some cases be a 
satisfactory mode of operation, especially when the magnitude 
or the period of the oscillations encountered compares favorably 
with the size of the vessel. Such readjustment amounts to match- 
ing the controlled outflow to the average of the inflow taken over 
considerable periods of time. The aim of automatic averaging 
control is to make such readjustment continuous and automatic, 
to approach as nearly as possible to perfect smoothing of the out- 
flow versus the inflow, consistent with keeping the level con- 
tinuously within the vessel. Returning the level to a predeter- 
mined central value is also desirable as well, since this will per- 
mit optimum ebsorption both of sustained changes and of sudden 
surges, irrespective of the direction in which these occur. 


INDEPENDENT CONTROL OF THE LEVEL 


Automatic control of a system involving only a single capacity 
unit can be carried out to any desired degree of effectiveness, 
even with types of control which in an operating sense may be 
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is assumed to be applied to maintain a constant level in the vessel. 
The level controller itself might have, for example, a proportional 
characteristic with an extremely narrow proportional or throttling 
band. In this sense the equations which are given later for pro- 
portional control may be considered to apply here, but with an 
extremely small value of proportional band b. Whatever means 
seem most proper actually to achieve a substantially constant 
level, we are for the moment concerned only with the effect on the 
outflow. As shown graphically in Fig. 3, this degree of level 
control is acquired at the cost of full variation of the outflow. 
The latter flow essentially duplicates the inflow, even to the point 
of being in phase with it. 

From the point of view of automatic averaging control this 
example represents a limiting case, opposite to that of Fig. 2, 
and is brought in only as a logical step in the development. 

Theoretically, the magnitude of the outflow variations is in- 
dependent of the area of the vessel. Only the practical impossi- 
bility of reducing the proportional band precisely to zero, or 
some imperfection in the operation of the controls, could cause 
any reduction in the amplitude of the outflow cycles. 


CascADED CONTROL 


The term ‘cascaded control” appears appropriate to describe 
in general a system of control whereby the operating means of 
one controller automatically adjusts the control-point setting of 
one or more succeeding controllers, intermediate between the 
initial or master controller and the final controlling means or 
manipulated variable. In averaging level control, this would cor- 
respond to allowing the operating means of the level controller 
to “set the control point of” a special flow controller on the out- 
flow. 

Such inclusion of an auxiliary flow controller for the outflow 
has the advantage that it eliminates any direct dependence of 
the outflow upon the behavior of the level, or on external-pressure 
relationships such as changes in the drop across the outlet valve. 
It also eliminates similar dependence of the outflow upon what- 
ever pressure may be impressed on the liquid surface, as shown 
symbolically in the last two figures of the paper. This method is 
a recognized procedure in control technique. 

In the remaining examples it will be assumed, as in the earlier 
paper (6), that the cascaded method of control is employed. 
Thus, it is assumed that the ‘‘control point” of the flow controller 
on the outflow is set throughout its operating range by the 
operating means of the level controller, and that the relationship 
thus formed is uniform within that range. 


PROPORTIONAL CONTROL OF THE LEVEL, CASCADED 


If the level instrument is assumed to be a proportional con- 
troller, as described in paper (6), we may write the controller 
equation as a relationship between the level V and the outflow 
Q, or as 


where (Qmin < Q < Qmax), and in which it is assumed that the 
proportional band b is so located that V, is in the middle of that 
band, 


Combining Equation [1] for the “process” with Equation [11] 
for the contraller and making the substitution 


gives for the level and the outflow, respectively 
— V,)’ + (V— V,) = [13] 
— + (Q—OQn) = (Q2—Qn)- [14] 
Equations [13] and [14] are similar to Equations [3] and [4] for 


the resistance-capacity unit. This fact is no coincidence as the 
systems are directly analogous. The ratio (b/k) for automatic 
control is analogous to the resistance F under self-regulation and 
may be thought of as an equivalent “resistance” R,, so desig- 
nated in the nomenclature in order to emphasize the analogy. 

The response of the level and the outflow to the sudden sus- 
tained change in the inflow is obtained precisely as in the analo- 
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gous case under self-regulation. The results are shown under 


condition (a) in Fig. 4. 


* * * 


In operational form, Equations [13] and [14] become 


R, 

1 


Equations [15] and [16] are similar to Equations! [5] and [6) 
for the resistance-capacity unit. The attenuation, or amplitude 
ratio, and the lag involved in the response of the level and outflow to 
continuous oscillation of the inflow are also given by analogous ez- 
pressions and may be written 


Ampl. of V R, 
Ampl. of Q, V1 + 
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(G = xAR,/h) 
Lag of V versus Q, = (h/x) tan—! (G) 
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General equations for V and Q under cyclic conditions (b;) and 
(b2) may again be written 


V = V, +A, sin 10° 


Q = 1 


The numerical values of the constants in these equations may be 
determined from the following formulas 


R, X (Ampl. of Q,) 
Vi + 

= level variation in feet 

(Ampl. of Q,) 


V1i+@ 


= outflow variation in gpm 


A, = Ampl. of V = 


A, = Ampl. of Q = 


h tan~! (G) 


90° 


= time in minutes by which cycles of 
V and of Q lag behind cycles of Q, 


in which 


AR 
=3.1 
G=3 


For the numerical examples considered 
R, = 0.005 b and 


G = 0.0157 


Results of numerical substitution in the general equations, for 
the assumed conditions (b:) and (62), are included in Fig. 4, to- 
gether with curves of the time solutions. 

It is evident that the remarks already made on the performance 
of the simple resistance-capacity system, Fig. 1, apply almost 
equally well here. The use of the proportional type of level 
controller in this application merely imparts to the vessel a 
definite, mechanical, self-regulating property similar to that of the 
resistance-capacity system shown in Fig. 1, while the use of 
“cascaded control,” as described, prevents alteration, by pressure 
changes in any form, of the already limited averaging character- 
istics of the system. In the case illustrated in Fig. 4, the propor- 
tional or throttling band is made equal to the full allowable 
range of the level. For proportional bands narrower than this 
value, the smoothing of the outflow is even less effective. Wider 
proportional bands, on the other hand, would not permit balance 
of the level within the allowable range, or within the confines of 
the vessel, for all values of inflow, even under steady conditions. 

When the range of the instrument is so selected that it fits the 
allowable range of level variation, a proportional band having a 
width equal to this range, such as that chosen in Fig. 4, is gener- 
ally referred to as a “100 per cent throttling range.” From the 
viewpoint of averaging control this so-called 100 per cent 
throttling controller has a very limited ability toward smoothing 
of the outflow. Some of the limitations are shown by the follow- 
ing observations: (a) If the outlet resistance FR of Fig. 1 had been 
located 5 ft below the bottom of the vessel, the value of R to 
give the same level in balance would have been equal to that of 
R, in Fig. 4, and the results of self-regulation and of the 100 per 
cent throttling control would have been identical. (6) If, in such 
a system as is illustrated in Fig. 1, a constant static pressure of 
approximately 2 psi had been exerted on the liquid surface, the 
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results of self-regulation and those of 100 per cent throttling 
control would have been identical. (c) The square-root char- 
acteristics of an ordinary valve, which could replace the re- 
sistance R in the system of Fig. 1, and which could be adjusted 
to give a level of 5 ft for a flow of 200 gpm, would provide the 
same averaging effect at the center of the level range as does the 
100 per cent throttling control, although it would give less 
averaging at levels below the center and more above it. 

Methods (a) and (b) of the preceding paragraph could be ex- 
tended to increase the averaging effect throughout the allow- 
able level range. This would be accomplished, however, at the 
cost of limitation of the range of inflow variations which would 
permit the level to remain within the allowable range. Adjust- 
ment of the outflow resistance in connection with any of methods 
(a) to (c) permits establishment of the value of the level for a 
given outflow and a given pressure drop across the resistance but 
does not permit adjustment of the range of level variation for a 
given variation of the inflow. The really practical advantages 
in using an automatic control instrument with adjustable pro- 
portional or throttling band lie in the fact that the level variation 
may be retained within a definite range for any specified varia- 
tion in the outflow, and regardless of the pressure drops existing 
across the valve. The maximum capacity of the valve is the only 
factor limiting the range of outflow variation. 


PROPORTIONAL-PLUS-FLOATING CONTROL OF THE LEVEL, 
CaSCADED 


For automatic averaging control, it is evident that there is a 
real advantage in the use of a level controller which controls to a 
single ultimate value rather than to within a band of values, 
i.e., in the use of a controller which has point-stability rather than 
band-stability alone. The severity of the corrective measures set 
up by such a controller may be moderated without simultane- 
ously spreading out the band in which the level can ultimately 
balance, as is the case with the proportional form of instrument. 
The proportional-plus-floating type of controller, known to be a 
versatile form in other applications, fits this requirement and will 
be considered in an installation similar to that of the preceding 
section. The level controller, this time with a proportional-plus- 
floating characteristic, is again assumed to operate by setting the 
“control point” of a controller on the outflow. 

As described in the authors’ previous paper (6) and for the 
present installation, the proportional-plus-floating controller 
may be identified by the following equation 


(Q)’ = (k/b)[((V — V,)’ + — V,)] 


in which k and b have already occurred, and in which r is the so- 
called reset constant. 

It should be pointed out that the proportional or throttling 
band b, as defined in paper (6), need not exist in an entirely tangi- 
ble form. The expressed value of this band may be considerably 
greater than the full available range of the level, in which case 
the controls act as though the full extent of such a band were 
really effective. This places no permanent restriction on the 
performance of the proportional-plus-floating controller since in 
operation this band is automatically moved in such a way that 
the level returns to the normal value for balanced conditions. 

To determine the properties of the system under this form of 
control, we may combine Equation [17] for the controller with 
the “‘process’”’ Equation [1]. By methods described in detail in 
the earlier paper (6), one obtains for the level V 


ARV — V,)” + (V — V,)’ + r(V — V,) 


RQ, — Q,)’.... 
and for the outflow Q 
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ARQ — Qu)” + (Q — Qn)’ + — Qn) 
r(Q, — Qn) (Q, Qn)’. {19} 


From the integration of these differential equations, we may 
determine the response of the level V and of the outflow Q when 
sudden changes occur in the inflow Q,. The curves under condi- 
tion (a) in Figs. 5, 6, 7, and 8 represent the response of the 
level and the outflow following the usual sudden disturbance, 
when various magnitudes of proportional band b and reset 
constant r are assumed for the proportional-plus-floating level 
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When a sudden change occurs in the inflow Q,, the response of 
the level V and of the outflow Q may be found by classical methods 
from Equations [18] and [19] or by standard operational methods 
from Equations [20] and [21]. Under equilibrium conditions, 
after all transients have faded out and all derivatives have become 
zero, it is evident that V = V, and that Q = Q,. Thus the level 
will ultimately balance out at the desired value for all of the values 
of flow. 

As before, the response under permanently oscillatory conditions 
may be found by setting p = ix/h in the operators of Equations 
[20] and [21]. For level and outflow, respectively, the operators 
yield the following complex expressions, where G = xAR,/h and 
H = rh/x 
[1 — i(G — H)IR, 


1+ 
1+ (G— Hy)? 


From these complex expressions, the amplitude ratios and the 
relative time lags may be found by methods already described. This 
information is completely descriptive of the behavior of level and 
outflow when the inflow is assumed to follow a given permanent 
harmonic oscillation about a constant mean value. Thus we find 
the following 


Ampl. of V _ R, 
Ampl. of Q, 4/1 + (G@— H)? 


Lag of V versus Q, = (h/m) tan~! (@ — H) 


Ampl. of Q S 1+ H? 
Ampl. of Q, Y1+ (G@— H)? 
Lag of Q versus Q, = (h/x) tan~! [(G/(1 — GH + H?)] 


As in the previous cases, the general equations for V and Q 
under the cyclic conditions (b:) and (b.) may be written 


V =V,+A,sin 10° 


Q = Q,, + A, sin | 10° 


The equations for the constants in these equations are again 
taken from the operational development, as outlined, and can be 
given as 


R, X (Ampl. of Q,) 
V1+ (G@— H)? 


= level variation in feet 


| 1+ H? 
A, = Ampl. of Q = (Ampl. of Q,) X 1+ G@—m: 


= outflow variation in gpm 


A, = Ampl. of V = 


T, = as icenlee = time in minutes by which cycles of V 
- 90 lag behind cycles of Q, 
2 
T.= time in minutes by which 


cycles of Q lag behind 
cycles of Q, 


in which G = 3.14 oe and H = 0.318rh 
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Compared to those for the case of proportional control, these 
equations have become more complex, due to the inclusion of the 
reset constant r, but it is interesting to note the nature of the 
changes and the fact that the equations will reduce to those for 
proportional control on substituting r = 0. An important differ- 
ence is that the cycles of the level and those of the outflow are no 
longer in phase with one another. 

In Figs. 5 through 8 are shown numerical and graphical ex- 
amples of the application of the general formulas obtained. Four 
different cases are taken, covering four different sets of adjust- 
ments incorporated in the proportional-plus-floating level con- 
troller. Otherwise the conditions assumed are the same as were 
those for the previously considered system. The values of 
(effective) proportional band b and of reset constant r assigned in 
the various cases are given in tabular form as follows: 


Reset constant 
(r) 
0.15 Inverse min 
0.05 Inverse min 
0.15 Inverse min 
0.025 Inverse min 


Proportional band 
(b) 


30 Ft (300 per cent) 
30 Ft (300 per cent) 
60 Ft (600 per cent) 
60 Ft (600 per cent) 


With proportional bands wider than 100 per cent, it is neces- 
sary to consider the effect of sustained changes in the inflow. 
Figs. 5 through 8, under condition (a), show the response of the 
level and the outflow following a sudden sustained change in the 
inflow. After such a change, the duty of the installation is to 
bring the outflow as smoothly as possible into equality with the 
new inflow, and also to return the level to the normal value. 
The more time allowed for these operations, the better the duties 
of smoothing may be performed. Shown in the figures are the 
initial portions of the level and outflow transients following the 
instantaneous disturbance of condition (a). 

In case III, Fig. 7, and in case IV, Fig. 8, the size of the sud- 
den change in the inflow is such that (for the low-capacity vessel) 
the level reaches its high limit in about 16'/:; and 12!/; min, re- 
spectively. The practical design of proportional-plus-floating 
control instruments, capable of utilizing such excessive magni- 
tudes of proportional band, must include mechanical means for 
decreasing the effective “throttling range’”’ in the immediate re- 
gion of the high and low limits. Details of such mechanism 
and of its operation are discussed in the paper (1) by J. B. Me- 
Mahon. 

It is readily evident that the general equations for the cyclic 
conditions can be put to practical use in determining many of the 
important relationships in actual averaging-control installations. 
The substitution of known factors permits concrete determination 
of other factors or relationships between them, as in connection 
with (a) vessel areas to give desired smoothing of the outflow for 
various types of instruments; (b) periods and magnitudes of os- 
cillation which could be tolerated in existing installations; (c) 
economic considerations of instrument investment against in- 
creased equipment costs, etc. 

The particular process and conditions selected for considera- 
tion in this paper illustrate many of the common circumstances 
met with in commercial installations. Much general information 
can be gained by exploring the hidden ‘‘intelligence’’ of these 
equations. Space will only permit us a brief discussion of one 
series of observations which appears to shed light on the nature of 
desirable instrument adjustments. 

Under case I, Fig. 5, the response for the smaller vessel and 
the longer period of oscillation shows that both the level and 
the outflow variations have been increased over those for the 100 
per cent throttling control, Fig. 4, although the proportional 
band has been trebled. Furthermore, the level variation has been 
increased beyond that of Fig. 2, where the outflow was perfectly 
constant. This circumstance is a result of the fact that the reset 
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constant is too great for the existing conditions of vessel area and 
period of oscillation. 

In case II, Fig. 6, the reset constant is made one third of its 
value in case I, Fig. 5, but the proportional band is kept at the 
same value. For the same vessel area and period of oscillation, 
a marked improvement is discernible in the variation of the out- 
flow. Some reduction is also made in the level variation, al- 
though this variation is still in excess of that for the ideal case of 
Fig. 2. 

In case III, Fig. 7, the proportional band is increased to 6 
times that used in the 100 per cent throttling control, Fig. 4, 
or to twice that used in cases I and II, Figs. 5 and 6, but the 
same reset constant is applied asin case I. A still further reduc- 
tion in outflow variation is obtained, but the variation of the 
level is greater than that of case II, Fig. 6. This means that the 
reset constant could still be reduced. 

In case IV, Fig. 8, the same proportional band is used as in 
ease III, Fig. 7, but the reset constant is reduced to one sixth 
that of case III, Fig. 7, or to one half that of case II, Fig. 6. 
Another marked improvement is evident in the smoothing of the 
outflow variations, as well as a further reduction in those of 
the level. It is interesting to observe, in this case, for both of the 
vessel areas and for both periods of inflow oscillation, how 
closely the magnitude and lag of the level variations have ap- 
proached those seen under the ideal case of constant outflow, 
Fig. 2. 

Even this brief introductory treatment and these few observa- 
tions seem to have established certain of the characteristic proper- 
ties of the proportional band and reset adjustments in connec- 
tion with automatic averaging control. The authors feel that a 
considerable amount of investigation remains to be done in this 
direction and that such work could be of tremendous practical 
value to those in industry who are faced with averaging-control 
problems. We have only endeavored to point out a possible ap- 
proach. Even from the quantitative material presented here, 
tables could be compiled or charts prepared which would facili- 
tate the engineering of installations. 
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Discussion 


EK. 8. Smrru.?- From the paper it appears that the use of a 
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proper controller makes it possible to reduce simultaneously 
both the outflow and level variations, a conclusion which warrants 
discussion since the level variations in the reservoir are the 
means for reducing the outflow variations. The following con- 
sideration of phase differences shows that this conclusion is cor- 
rect. 

Let us investigate the phase angle or lag with a harmonic 
variation of inflow to a tank or reservoir for several cases, some 
of which were noted in the paper. A simplifying assumption is 
that changes in level do not appreciably affect either the inflow 
or the outflow, i.e., that there is negligible self-regulation. 

Case I. Outflow Valve Held Steady. The outflow rate is held 
steady at the average rate of inflow. The level variations lag 90 
deg behind those of the inflow and their amplitudes vary inversely 
with the area of the tank. Let 


gq: = inflow variation from mean rate, cfs 
q: = outflow variation from mean rate, cfs 
h = level variation from mean position, ft 
t = time, sec 
[22] 
1 1 1 
h = sin {dt = — — cost = — sin | t — - }.. [23 
/ A A A ( :) (23) 
or h lags = sec (for a period of 2x sec) or 90 deg behind q. This 
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inflow q, 

level h 


Case I, outflow valve blocked. 
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Caee II, sinple proportional control with nearly 90° phase 
snift due to small outflow and large level variations. 
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for (-) connection. 


-7-Peversed or (-). 


Case III, integrating or floating control. 
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Case IV, vroportional-plua-differentiating control. 


Fie. 9 Diagrams PHasE RELATIONS WITH VARIOUS 
ConTROLLERS, Cases I-IV 


situation is shown in Fig. 9 (freehand curves being used as ade- 
quate for this discussion). 

To hold the level constant requires that the outflow be con- 
trolled at a point exactly equal to and in phase with the inflow. 
Then there is zero instantaneous net inflow or difference of 
inflow and outflow at any moment. Since there would then be 
no change in the level, it cannot be used to control the outflow to 
regulate perfectly the level; instead, for perfect level control, the 
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outflow can only be controlled by an inflow meter. However, in 
practice the level can be controlled very well by the use of high- 
sensitivity controllers which are governed by the level. 

Case II. Proportional Control With Large Level Variations. 
The outflow is varied in phase with the level in simple corre- 
sponding (i.e., proportional or throttling) control. As long as 
there is negligible effect of the outflow on the phase of the level, 
both the level and the outflow will lag 90 deg behind the inflow. 

Case Ila. Proportional Control With Large Outflow Variations. 
As in case II, the outflow is varied in phase with the level. How- 
ever, as shown in Fig. 10 of this discussion, the outflow changes so 


Fig. 10 SimpLte PrRopoRTIONAL ContTROL WitH Less THAN 90 
Dec Suirr Dur to LarGe OuTFLOW AND SMALL LEVEL 
Variations, Case IIa 


much that it causes the instantaneous net inflow g (which equals 
q: — @) to lead the inflow. Both the level and the outflow lag 90 
deg behind the net inflow g and lag behind the inflow by L, which 
is appreciably less than 90 deg. 

If an unconventional device be used so that the outflow lags 90 
deg behind the inflow and the amplitude of both flows is identi- 
cal, it is evident from inspection that the net inflow gq would lead 
the inflow by 45 deg and the level h would lag the inflow by 45 deg. 
Of course this device is different from the proportional controller 
which has the outflow in the same phase as the level. 

With proportional control, the lag depends upon the ratio b of 
the flows g2 to gq: and the area of the reservoir. With unity area of 
reservoir and the size of the outflow valve such that the ampli- 
tude of the outflow variation is in the ratio b to that of the inflow 
variation, and b is less than unity, the net inflow q is 


The term q is directly and continuously proportional to h in a 
simple proportional controller and, from an axiom to be stated 
later, is a simple harmonic function of the same period as q; so that 


= sin t — b sin (t— L) 


from which h and L can be obtained by integration, taking vec- 
torial account of the following considerations. Since the lag L 
is, loosely, the time required for the level to change enough to 
operate the outflow valve upon a change of the inflow rate, the 
lag increases with an increase of the area and of the amplitude 
of the inflow variation. An increase in the size of the outflow 
valve gives an increase in the outflow variations and causes a 
decrease in the amplitude of the level variations, and hence 
of the lag. 

Case III. Integrating or Floating Control. A brief consideration 
of the effect of adding a differentiating component best shows the 
limitations of an integrating control. If the regulator be pro- 
vided with a differentiating device so that the outflow varies con- 
tinuously with the rate of change of the level, each outflow varia- 
tion obviously can be brought more nearly into phase with each 
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inflow variation and the level variation may be made as small as 
will serve to actuate the differentiating device so that it governs 
the controlling of the outflow. The differentiating device may 
be a leak-shunted differential bellows, a disk-driven threaded 
roller, or any equivalent means. 

Offhand, an integrating device with a reverse-acting outflow 
valve might seem to be an equivalent of a differentiating device, 
since the valve lags 90 deg behind the level variations (which lag 
up to 90 deg behind the inflow variations) and, hence, 180 deg 
behind the inflow variations, neglecting the effect of outflow 
variations upon the phase of the level variations. For this case 
(Fig. 9, case III), the change oi sign brings the outflow varia- 
tions into phase with the inflow variations. With this change of 
sign, with inflow gq, = sin t as in Equation [22], and with the 
sensitivity equal to the area A, to have the amplitude of the 
outflow nearly equal to that of the outflow so that the net inflow 
is nearly in phase with qm, then following Equation [23] 


1 
Q = A sin ") dt = —sin (t — 


26) 


Since a sudden change of inflow causes a serious lag and possibly 
a controlling impulse in the wrong direction, a reverse-acting 
integrating device is not a practical equivalent of the differentiat- 
ing device. With a direct-acting outflow valve of the same sensi- 
tivity, the changes of level are much larger but the device is re- 
liable. 

The servomotor of a floating-type controller acts as an in- 
tegrating device. An integrating effect is produced by metering 
lag with a simple corresponding (or proportional) regulator. 
Some years ago, the writer was required to make such a level 
regulator work on the settling basin of the waterworks at Red 
Lion, Pa., where the required sensitivity was high and there was 
considerable metering lag with the regulator as originally in- 
stalled. After testing the device, a mechanic had hooked the 
valve up backwards so that level control within fairly narrow 
limits was obtained for a short time. Occasionally, however, the 
regulator would open wide or close off the outflow valve so that 
this empirical “solution”? was, of course, unsatisfactory since 
closing this valve shut off the town’s entire water supply. In 
this case, the regulator operated satisfactorily as soon as the 
metering lag was greatly reduced and the outflow valve was made 
direct-acting. 

Case IV. Proportional-Plus-Differentiating Control. The cus- 
tomary types of reset regulators include a proportional follow-up 
of some sort to insure initial correspondence and, hence, to prevent 
overtravel of the final controlling element following a sudden 
change of the sensed or measured variable. They also include a 
differentiating device to advance the phase of the controlling 
element toward that of the pertinent variable. In addition to 
the metering lag, some lag is bound to exist with such regulators 
for level control since there is always an appreciable effect of 
the follow-up component. In other words, while the proportional 
follow-up component does not produce lag as regards the follow- 
ing of level variations, it does as regards the following of inflow 
variations. From this it is evident that an appreciable dif- 
ferentiating component is essential for the control of level 
within minimum limits. 

In the common case of ‘averaging level control,” the outflow 
variation is kept within minimum limits and as much “slack” 
as possible is taken up by level changes within the capacity of the 
tank or reservoir. Even though, offhand, it might seem to be 
impossible to alter the adjustment of a reset-type controller to re- 
duce the variations of both the outflow and the level, this can be 
accomplished as shown in Fig. 9, case IV, by changing the phase 
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relation between the variations of the level and of the outflow. 
This follows from the vectorial axiom that the sum of harmonic 
curves of the same period but of different phase produces a 
resultant simple harmonic curve of an intermediate phase and an 
amplitude which depends upon the algebraic sum of the com- 
ponents, i.e., when the phase difference between the component 
curves is from 0 to 90 deg, the resultant amplitude is increased 
but, when it is from 90 to 180 deg, the resultant amplitude is de- 
creased. No further mathematical analysis is believed to be 
necessary to establish the functioning of such a phase change. 

In regulation, generally, the function of reset is simply to de- 
stroy gradually the momentary correspondence, by which the 
follow-up gives stability, in order to restore asymptotically the 
sensed variable precisely to its set value. In the regulation of 
level (or for other cases involving single-capacity systems), the 
reset has the particular function of determining the inflow rate 
from the rate of change of the level in addition to that of return- 
ing the level to the same point. Such a reset acts much as does 
an inflow meter. This point was originally brought out in an 
A.S.M.E. paper prepared by R. P. Lowe and E. 8. Smith on level 
control by an asymptotic reset controller, which paper was read 
at the Providence meeting of October, 1938, and showed that such 
a controller acted much as does one which foliows the net inflow 
or difference between separately metered values of the inflow and 
outflow rates. 

Where the initial response is less than the total response ulti- 
mately required, the reset must act to move the outflow valve 
further in the same direction; and, where the initial response is 
more than the total response ultimately required, the reset must 
act to move the outflow valve in the reverse direction from that 
of its initial response. However, in both cases the reset will re- 
turn to rest at a particular point and act to restore the level to the 
same point. Averaging level control ordinarily has an inadequate 
initial response, and hence must have the delayed response in the 
same direction as the initial response. 

The value of the paper and the excellence of its mathemati- 
cal treatment are self-evident. Such mathematics is of course, 
necessary for a definitive treatment of the subject. However, the 
curtailed mathematical presentation of this discussion is sub- 
mitted without apology in an effort to place the treatment of 
this subject on a plane which is completely understandable to 
those who, like the writer, work with it only occasionally. While 
this discussion has adopted the authors’ convention of a steadily 
hunting inflow to allow lag to be expressed as a phase angle, it is 
appreciated that a yet simpler or less artificial analysis may be 
possible through the use of the authors’ sudden single change of 
the inflow instead of the cyclical change. 

The references at the end of this discussion may prove helpful 
in a study of the subject. In addition to those mentioned, the 
works on oscillating phenomena in connection with heat transfer 
by Ivanoff and by De Juhasz are well known. The treatment of 
the subject in all the references cited, like that of the paper itself, 
is more involved than the writer’s which is intended to be limited 
to the effect of phase shifts in level controlling. 


REFERENCES 


“Heaviside’s Operational Calculus as Applied to Engineering and 
Physics,” by E. J. Berg, eight installments, General Electric Review, 
vol. 30, 1927, pp. 586-589; vol. 31, 1928, pp. 93-96, 143-146, 212-222, 
267-278, 395-398, 444-451, 504-509. 

“On the Oscillations of Certain Electrical or Mechanical Systems 
Due to a Periodic Impressed Force,” I. Herlitz, General Electric Re- 
view, vol. 25, 1922, pp. 686-689. 

“Design Factors Controlling the Dynamic Performance of Instru- 
ments,"’ by C. 8. Draper and G. P. Bentley, Trans. A.S.M.E., vol. 62, 
July, 1940, pp. 421-432. 

“Elementary Theory of Automatic Temperature Control,” by 
C. O. Fairchild, Instruments, Nov., 1940, pp. 334-339. 


E. W. Yerrer® ano J.C. Perers.® In a previous paper by A. F. 
Spitzglass,’° the feasibility of calculating the results to be ex- 
pected in applying floating or proportional position control to a 
single-capacity process was demonstrated. The authors have 
now extended this to proportional-plus-floating control, which 
mode they show to be advantageous for control of level when it is 
desired to keep the outflow as steady as is possible without per- 
mitting undue variations in the level. 

The authors’ consideration of the effect of a sine-wave disturb- 
ance of the inflow has suggested to the writers the possible ad- 
vantage of considering this as an electrical problem by mathemati- 
cal analogy. Such analogy has been found to be very useful in 
other branches of applied physics, because of the high degree of 
development of mathematics applied to electrical problems. 

It is found that, for the case of proportional-plus-floating 
control and a sine-wave disturbance of the inflow, the ordinary 
mathematics of alternating currents suffices. The nature of this 
approach will be briefly indicated since it may prove useful in a 
further development of the subject. In what follows, the readily 
obtainable solutions for phase angles will be omitted because it 
appears that they have little or no practical significance in this 
connection. 

The combined process-and-control equation may be written 
in the form 


AE + + = [27] 


where zs = deviation of level from set point, ft 

area of surge tank, sq ft 

k, = constant for proportional control, cfm per ft 
constant for floating control, cfm per ft per min 
gq = inflow rate cfm 


ll 


The dots indicate time derivatives. 
An electrical equation analogous to Equation [27] is 


wherei = current 
L, R, and C are electrical inductance, resistance, and 
capacitance, respectively 
e, is the impressed voltage 
This is the equation of the simple R, L, C circuit shown in Fig. 
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Fic. 11 Diagram SHowrne ANALOGY FOR CASE OF 
PROPORTIONAL-PLUS-FLOATING CONTROL 


11 of this discussion. 
cated in Fig. 11. 
when 


Equivalents from Equation [27] are indi- 
The steady-state solution for the electrical case 


Q = EB, sin wt 


8 Research Department, Leeds and Northrup Company, Phila- 
delphia, Pa. 

® Research Department, Leeds and Northrup Company, Philadel- 
phia, Pa. Mem. A.S.M.E. 

10 “Quantitative Analysis of Single-Capacity Processes,’’ by A. F. 
Spitzglass, Trans. A.S.M.E., vol. 62, no. 1, Jan., 1940, p. 51. 


Li + Rit Gi = [28] 
| 


E, 


The amplitude for level variations is, by analogy 


X= [30] 


and 7 = period of sine-wave disturbance, min. 


2x 

(Capital letters uniformly represent amplitudes of sine-wave 
variations of quantities represented by corresponding small 
letters.) 

The solution for the amplitude Q., of the variation in outflow, 
q: is obtained by noting that this is merely the result of the mode 
of control working in accordance with the variations of level 
given by Equation [30]. It is, therefore, the result of impressing 
the current 7 on a circuit representing the law of control. The 
output flow is analogous to the voltage which appears across 
this circuit, as a result of the impressed current. The law of the 
controller is 


where w = 


[31] 
An analogous electrical equation is 
1 
Ri + a? [32] 


This is the equation of the series R, C circuit shown in Fig. 12. 
Equivalents from Equations [31] and [32] are indicated in Fig. 12. 
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Fig. 12 Diacram or Evecrricat Crracuit ANALOGOUS TO THE Law 
OF THE CONTROLLER 


The impressed current is i = J sin wt and the amplitude of vol- 
tage e, is given by 


Substituting for current J its value from Equation [29] and put- 
ting the result in the form of the ratio of the two voltages gives 


The ratio of the amplitudes of the sine waves of output and input 
flow is then, by analogy 
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Equations [30] and [35] are equivalent to equations found in 
the paper under discussion. Written in this form, it is immedi- 
ately evident that the equivalent of an electrical or mechanical 
“resonant” effect may be obtained by varying the period of the 
input flow. A maximum amplitude of level variation will take 
place when 


k 


It will be noted that the equation for E,, obtained from Fig. 
12, is also obtainable from Fig. 11 as the voltage across the re- 
sistance and capacitance in series. A single circuit may there- 
fore be used to write equations for both level and outflow. 


and the period is 


AvutTHors’ CLOSURE 


Due to the absence of controversial issues in the discussions to 
this paper, the authors feel that there is no real necessity for de- 
tailed supplementary comments. Their thanks are due to the 
separate discussers, however, for the elaborations which they 
have contributed from their respective viewpoints. 

With regard to the practicality of the approach taken in the 
paper, it might not be inappropriate to include here in the closure 
an example in which the assumed condition of the inflow is differ- 
ent from either of the two “ideal” types of disturbance postulated 
in the paper. Such a condition is shown in Fig. 13 of this closure, 
in which the inflow, after having existed for an indefinite period 
under equilibrium with level and outflow, begins suddenly to 
execute a periodic sawtooth variation involving an infinitely steep 
wave front. This corresponds to the practical assumption made 
to represent a circumstance which was encountered in an actual 
industrial application. The resulting level and outflow behavior, 
shown in Fig. 13, was calculated on the basis of the same control 
constants and so on as were assumed in Fig. 6 (Case II) of the 
paper itself. The behavior of the variables seen in Fig. 13, it 
may be noted, involves both transient and steady-state periodic 
variations. It is interesting to observe that the response of level 
and outflow to this special disturbing condition might almost have 
been predicted from the response with the same equipment to the 
idealized step and periodic disturbances. 

Included in the discussion by E. 8. Smith there is the following 
quite elegant single-sentence definition of reset: “In regulation 
generally, the function of reset is simply to destroy gradually 
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the momentary correspondence!" . . . . in order to restore . . . the 
sensed variable precisely to its set value.” This definition, 
carefully framed so as to apply in general, is worthy of note at a 
time when terminology is still in a fluid state. If anything there 
has been too little tendency to generalize—apparent in the litera- 
ture of automatic control (or automatic regulation). Until 
placed on an independent footing and freed of all specializing 
concepts, this subject will never attain recognition as a branch of 
knowledge in its own right as we know it deserves to be. 

The discussion of E. W. Yetter and J. C. Peters is devoted 
principally to electrical analogs of the hydraulic system and con- 
trolling equipment treated in the paper. Such analogy may lead 
to a quicker perception, by many electrical engineers, of the dy- 
namic phenomena described, but it may be remarked that the 
process of analogy is traditionally the other way around; hy- 
draulic analogs serving to make more tangible the functional 
performance of electric-circuit elements and circuits. A great 


many engineers we feel sure, mechanical engineers for example, 


11 The authors would add the words ‘‘or proportionality.” 


would not agree to the relatively higher development of mathe- 
matics in electrical as compared with other technical fields. Then 
too, the rudimentary sort of wave mechanics which is represented 
in the standard alternating-current theory is not limited in appli- 
cability to electric circuits. It is significant that the operational 
treatment, although actually no more involved than any other, 
is versatile to the extent that it yields the wave-mechanics, or fre- 
quency “spectrum,” solution if interpreted one way and the com- 
plete transient solution if interpreted another, both solutions 
coming down from the same operational form. 

An entire series of mechanical, thermal, pneumatic, and elec- 
trical analogs may be placed in correspondence with, and will ade- 
quately represent, the hydraulic system assumed in the paper. 
Beyond those introduced in the discussion, a number of other 
electrical analogs are possible and could suffice as models for the 
hydraulic prototype. A mechanical interpretation, in which the 
flows become displacements and the capacitance of the vessel is 
replaced by a massive body, can be traced out in complete detail 
and is easy to visualize. Under this latter analogy the problem 
of automatic control is seen as a true problem in shock-absorbing. 
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Graphical Methods for Plotting Time-Speed- 


Distance Curves for Railway Trains 


By A. I. LIPETZ,! SCHENECTADY, N. Y. 


The paper reviews briefly the interest displayed some 
years ago in Europe, particularly in Russia, in graphical 
methods for plotting time-speed-distance curves for rail- 
way trains and develops methods devised by the author 
for plotting such curves. Analytical methods and the 
graphical method are compared and the results are tabu- 
lated, and the author’s methods are applied to data from 
runs of high-speed trains in this country. 


Ae thirty years ago great interest was displayed in 
Europe, especially in Russia, in graphical methods by 
which speed versus time, or speed versus distance, or dis- 

tance versus time for trains between two stations could be deter- 

mined. Special methods had been worked out and were in use 
in some Russian railway offices; and the development of these 
methods became sort of a fad in which railway officials and young 
engineers vied with each other. Naturally, these developments 
were reflected in the Russian technical press. A well-known 
railway official and college teacher, Prof. G. V. Lomonossoff, 
and some of his pupils and friends became active in this game 
and greatly contributed to the current literature of that period 

(1, 2, 3, 

Likewise, a similar interest was displayed in Germany, with a 
corresponding reflection in the German press (5, 6). Various 
methods had been developed in Germany, which later were re- 
viewed in a symposium by Dittmann (7). In this work five 
methods were described. 

In the United States, analytical methods are mainly in use, 
although in some cases graphical methods have been resorted 
to for auxiliary calculations (8, 9, 10). 

It so happened that after the Russian revolution the men who 
were active in this development in Russia were scattered all over 
the world—Lomonossoff emigrated first to Germany and later to 
England; Chechott first to Poland and then to Persia (Iran); 
Lipetz, the author of this paper, to this country, and others to 
France, Germany, and elsewhere. Thus little has been published 
in English; most of the publications appeared in Russian, Polish, 
German, and French (11, 12, 13, 14). Owing to pressure of 
business and preparation of other articles, the author has not 
made his method known in this country, although it had been 
in exclusive use in Russia, partially in Poland, in Germany, 
under the name Lipetz-Strahl (12, p. 29), and France, where it 
was later used by Cremer (13) and others (24). In this country 
it is used by the author and some of his associates (H. Cregier and 
8. Slastenin) in calculations needed for designing and investiga- 
tion of some high-speed locomotives in the offices of the American 
Locomotive Company. However, it has never been fully pub- 
lished, although it was mentioned and used as an illustration in 
the author’s discussion of C. T. Ripley’s paper (17). The latter 
omission is now corrected by the presentation of this paper. 


1Chief Consulting Engineer, in charge of Research, American 
Locomotive Company. 

* Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Railroad Division and presented at the An- 
nual Meeting, New York, N. Y., Dec. 2-6, 1940, of Tae AMERICAN 
Society of MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


INTEGRATION OF EQuaTION oF TRAIN MOVEMENT 


The time and running distance of a train under the influence 
of various forces applied to it are defined by the fundamental 
equation of the movement of the train. If a train, as a body with 
mass M, is covering an elementary distance ds under the in- 
fluence of locomotive tractive effort 7 and train resistances R 
(forees which may be applied to different parts of the train, like 
friction of brake shoes to wheels, axle resistance to journals, air 
resistance to car bodies, gravity to centers of mass of cars and 
locomotives), the elementary change of energy dE£ in time dt on a 
distance ds is 


dE = Movdv = (T — R)ds 


if v is the momentary and dp the differential of speed. 

As every train, in addition to the translatory movement of its 
car bodies, has rotating parts (wheels, motors, gears), this equa- 
tion should be amplified. Let the polar moments of inertia of 
each rotating part around its axis be 7; the increment of energy 
is then (12, p. 10; 16, p. 10) 


P I 
dE = vdv X (a 
I 
+ ody = (T —R)ds.......... (1) 


This is the fundamental equation of the movement of a train. 
It is usually simplified by referring the members with moments of 


Hence 


I 
inertia of rotating parts ) —, which has the dimension of mass, 
p 


to the total mass of the respective equipment, locomotive and 
cars. Depending upon their dimensions, these ratios y fluctuate 
from 0.04 to 0.30 for different equipment; for instance, for steam 
locomotives it is about 5 per cent, i.e. 


Y= =: M = 0.05 
p 


going up to 0.06 for high-speed steam locomotives with large 
wheels. In this formula J is the moment of inertia of every 
driving wheel and axle of the locomotive; p the respective out- 
side radii of the wheels, and M, the mass of the locomotive. For 
electric locomotives with motors geared to the axles y = 0.3 to 
0.4, including all these parts. For loaded freight cars y = 
0.03; for empty freight cars y = 0.11 (12, p. 10; 6, p. 142). 

For the whole train the influence of the rotating parts is of 
secondary importance, for instance, for a train consisting of a 
steam locomotive of 300 tons and passenger cars of 500 tons, the 
ratio y is 

_ 300 X 0.06 + 500 X 0.04 
800 


For another sort of equipment, a light electric locomotive and 
loaded freight cars 


_ 200 X 0.35 + 1000 x 0.03 
1200 


For heavy Diesel locomotives and streamline passenger cars 


= 0.0475 


= 0.0833 


ie 
: 
: 
acd 
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460 X 0.35 + 1250 X 0.04 


1710 = 0.1233 


The average of these three cases gives y = 0.0847. 

The case of empty freight cars has not been considered, as it 
is unlikely that empty freight cars would be transported by 
modern high-speed locomotives. 

Equation [1] is written in absolute units of foot, pound, and 
second—see Lionel 8. Marks, Mechanical Engineer’s Handbook, 
first edition, 1916, page 73 (symbols in lower-case letters). For 
units which are customary in railroad engineering, capital letters 
are used; for miles of length, one mile equals 5280 ft; for speed 

3600 


1 
i i h VY = — = 
V in miles per hour 52 Xv 1.467 


X v, where v is in fps. 


1 
For acceleration in miles per hour per second A = 1.467 y 
where ais in fpsps; and for mass M in tons of 2000 lb of weight = 


32.17 1 
eight. 
62.17 tons of weight 


For these latter units, a constant C must be introduced in the 


1 
right side of Equation [1} (10, p. 19; 25, p. 49) equal to C 50.17 x 

. : if V is in mile r hour, ¢ in second i in mil 
—— = ——., ‘onds, ——- in m 
per hour per second, (7 — R) in lb of weight, and M in tons of 
weight. 


ds 
Remembering that » = 7 and canceling ds, Equation [1] will 


dV T—R 


ona 91.1811 + 


where V is speed in miles per hour, and ¢ time in seconds; - ac- 


celeration in miles per hour per second. 

Since ¥ for trains of different consist varies from 0.04 to 0.1233, 
with an average of 0.0847, the author assumed that Equation 
[la] can, for average conditions, be rewritten 


dV 
where Zz is acceleration in miles per hour per second; ¢ and r 


are tractive effort and train resistance in pounds per ton of their 
weight, and the coefficient corresponds to 91.18(1 + y) = 91.18 
X 1.0847 = 98.69, or approximately 100. 
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We should consider then the approximate formula 


as close to the average conditions of modern trains. However, 
if the consist and y of the train are known in advance, a more ac- 
curate coefficient can be figured out and formula [la] should be 
used instead of [2a]. 

If the time-speed curve, namely, speed versus time, is the 

av. 

one sought, then = is the tangent to this curve. Equation [2] 
shows that the tangent is represented by a simple relation, the 
difference between tractive effort and train resistance in pounds 
per ton of train weight divided by 100 for American units, mile, 
hour (respectively, second), and ton. If curves of Fig. 1 repre- 
sent tractive effort of the locomotive and FR the train resistance 
versus speed V, then the ordinates of the shaded area ABCDA 
represent in a certain scale the right-hand side of Equation {2}. 
The desired acceleration curve will be found if a curve is so built 
that the tangents to it are equal to the ordinates divided by 
98.69 or 100, as the case may be. 

Suppose that a train stands in a station and the locomotive 
starts to accelerate it from standstill on a level. The excess of 
tractive effort over the train resistance on a level at low speeds 
from zero will be represented by the shaded area, and under the 
influence of this difference of forces the train will be accelerated 
from zero speed until the balanced speed Vo is reached (Fig. 1), 
at which point the two forces (tractive effort and train resistance) 
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LIPETZ—PLOTTING TIME-SPEED-DISTANCE CURVES FOR RAILWAY TRAINS 


are equalized. The train will continue to move at the balanced 
speed Vo as long as the forces (the locomotive and the profile) 
remain unchanged. 

Acceleration curve from 0 speed to Vo is the one we are trying 
to plot. After what has been said the plotting can be easily 
done. Draw first on the chart the difference by subtraction of 
the two curves ¢ and r in pounds per ton of train weight’ to a 
certain scale, say 5 lb per ton equals one inch (Fig. 2). Then 
mark intervals for speeds, say for every ten miles per hour from 
0 to Vo, except the last one, which will be thus automatically 
defined; draw average ordinates corresponding to the middle of 
each interval (ab, cd, ef, gh, etc.); build for the first interval a 
right-angle triangle on base 0a! = unit a to a certain scale for the 
constant a, for instance, 2 in., with the other side a'b! = ab, 
the average ordinate of the first interval; draw the hypotenuse 0b" 
through the first interval, 01, until it intersects with the ordinate 
1K through the end of the interval. Build another triangle 
from point 1 with a base lc! = unit a for the constant (2 in.), 
and side c'd! = cd, the average ordinate of the second interval. 
Draw the hypotenuse 1d! through the second interval until it 
intersects 2m, the end of the interval. In the same way build 
for the third interval with e'f' = ef, and so on. Then the 
broken line 0 1 2 3 will be tangent to the acceleration curve at 
the prolongation of the ordinates through the middle points, 
ab, cd, ef, etc. 

An important, if not the most important, operation in graphical 
calculations is the determination of scale, as the curve must be 
numerically read after it has been plotted. The length of the 
chart, for instance, 7 in Fig. 2, represents to a certain scale the 
total time of the acceleration from 0 to balancing speed Vo (Fig. 1). 

The curve should represent Equation [2a], and the graphical 
construction is based on the ratios of increments denoted by 
differentials in formula [2a] and shown graphically in a certain 
scale on Fig. 2. If the Greek letters », 0, and ¢ represent the scales 
for speed, time, and force, respectively, namely, if 


v be the scale for speed, » miles per hour = 1 in. 


6 be the scale for time, @ seconds = 1 in. 
¢ be the scale for forces, ¢ lb per ton = lin. 
a be a constant = 2 in. 


Comparing the geometry of the construction of Fig. 2 with 
Equation [2a], it can be seen that 


air 


dt/@ a 
or putting all members to one side 
vdt(t — r) 
But from Equation [2a] 
dV X 100 
dt(t — r) 
Consequently 
— = 100 
or 
100 
[3] 
ag 


* Use any reliable formula for train resistance, including gravity, 
20 Ib per ton for each per cent of grade (20, p. 17), air resistance for 
speed (19), and curve resistance (20, p. 35). 


This defines the scale for time 6. 

In the chart, Fig. 2, representing the acceleration under the 
influence of forces in Fig. 1, the following scales for full-size chart 
have been chosen 


vy = 10 mph = | in. 
¢ = 5b perton = 1 in. 
a (parameter) = 2in 
Consequently 
100 10 
= <a = 100sec = 1.667 min = 0.0278 hr = Lin. 


It should be remembered that while the speed is given in this 
case in miles per hour, the time scale is in seconds, because the 
acceleration, which is the basis of Equation [2a], is in miles per 
hour per second. 

It should also be borne in mind that the coefficient 100 is an 
approximation for all high-speed trains, exactly equal to 100 
for a case when y in Equation [la] corresponds to 


91.18(1 + y) = 100 


or 


y = 0.0967 


When ¥ is less, the coefficient is smaller than one hundred. A 
convenient case is when y = 0.0528. In this case 91.18(1 + +) 
= 96 and the scale for time, when other scales are the same as 
just given, will be 


%6 x 10 


= = 1, in = lin. 
2X5 96 sec 6 min in 


In the speed-time curve the distance covered by the train 
during acceleration, say from zero to balanced speed Vo, is deter- 
mined by the area of the curve and can be figured as the definite 


integral 
Vo 
Vdt 
0 


if we know the law of the curve V. Graphically, it can be deter- 
mined as the area on squared paper or by planimetering. The 
scale for the area s can be easily determined, if the linear scales are 
known. If 


v is the scale for speeds in miles per hour = 1 in. 
6 is the scale for time in hours = lin. 


then the scale for distances in miles, = = 1 sq in. For 
instance, in Fig. 2, y = 10 mph = 1 linear inch and @ = 0.0278 
hr per linear inch; then o, the scale for distance, equals 10 mph 
times 0.0278 hr = 0.278 miles distance per square inch. 

When a run over a certain profile is being investigated, it is 
necessary to watch constantly the changes in the profile, because 
if conditions change the speed and time are also changing. It is 
therefore necessary to resort frequently to planimetering of the 
areas while the curve is being plotted. This is the disadvantage 
of any speed-time curve plotting which prompted the author in 
1911, when he was occupied with this kind of calculations, to de- 
velop the speed-distance method for plotting curves of this type 
(4, 18). 


Mernuop SpEED-DistaNcE CuRVES 


If we revert to Equation [1] we can write it in the following 
form, if we choose distance s in miles as the independent variable 


(«+ 


605 
= 
| 
pars 


606 


where, as before 


M = total mass of the train, including locomotive and 
cars 
I moment of inertia of each rotating mass 
p outside radius of rotating wheels 
v linear speed of the train in miles per hour 
8 distance covered by the train in miles 
R = respectively, the tractive effort and the resistance 
applied as forces to different parts of the train 


T and 


where, also as before, ¢ and r are the previous 7 and R referred to 
one ton of train weight and ¢ is a constant, different, though, 
from the previous constants, 98.69 or 100. Constant ¢ in Equa- 
tion [4] should be 


3600 
—— = 37.5 
96 


because speed is in miles per hour = 3600 sec. 
Generally it should be 
3600 


91.18(1 + y) 
and accordingly as per the following table: 


C 
.0967 100 36 
.0823 98.69 36.5 
.0528 96 37.5 


The forces ¢ and r are functions of speed and are the same as 
used before for the speed-time method. Their difference (t — r) 
is shown in Fig. 2 for plotting the Desdouits-Lomonossoff curve. 
For the author’s method it is shown in Fig. 3. Imagine that the 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1941 


acceleration curve is plotted as a function of distance and con- 
sider a certain element dob of the acceleration curve. It is evident 
from Equation [4] that the tangents to the speed-distance (ac- 
celeration) curve should form the same angles with the distance 
axis 0S, as the radii vectors of the force curve form with the speed 
axis OV (Fig. 3) because the tangents to the acceleration curve 


dv 
are equal to as’ while the tangents of the radii-vector angles are 


equal to : . . and these two quantities are alike, according to 
Equation [4]. In other words, the tangent to the acceleration 
curve should be perpendicular to the radii vectors of the force 
curve, provided they are drawn to the proper scale and located 
at right angles to each other, as in Fig. 3. 

Therefore, the following construction is suggested: Plot the 
force curve (Fig. 3) so that the speed axis 0V should be the verti- 
cal axis. Draw radii vectors 01, 02, 03, ete., from the center 0 
to the middle points 1, 2, 3, ete., of intervals on the force curve, 
which is intersected by horizontal lines representing speeds in a 
certain scale; draw through the first interval a line Oa perpendicu- 
lar to first radius vector 01; then through the second interval ayb, 
perpendicular to 02; then through the third interval boco perpen- 
dicular to 03, ete. The broken line Oagbocods is the acceleration 
curve, 

As every graphical method, the foregoing construction is sub- 
ject to certain inaccuracies. If the broken line should be tangent 
to the acceleration curve in the middle points for which Equation 
[4] holds good, it would represent the acceleration fairly ac- 
curately. Therefore, the smaller the intervals, the more accurate 
the method. Especially it is true when the radii vectors and the 
intersecting lines begin to form acute angles and the intersection 
points are not quite definite. Nevertheless, with some skill, it is 
possible to get fairly accurate results. 

After the acceleration curve versus distance has been plotted, 
the time curve can also be drawn, and in fact, very simply. Con- 
sider a certain increment of distance on Fig. 4, the upper part of 
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which is the acceleration curve of Fig. 3 redrawn somewhat dif- 
ferently. The time needed for covering e distance of an ele- 
mentary increment will be 


where V, is the average speed for the distance increment. This 
suggests a simple method for construction of the time curve. 

Divide the speed-versus-distance curve into elements. The 
easiest way is to take the elements already drawn in Fig. 3 
through the same steps of speeds. Mark the middle points of the 
elements a, b, c, d, e, f, ete., (Fig. 4); drop perpendiculars from 
these points to the distance axis 0S — 1, 2, 3, 4, etc.; measure 
up a constant parameter b equal 2 in. from each foot of the per- 
pendiculars to points a', b', c!, d', ete.; draw radii vectors a'a, 
b'b, cle, did, ele, ff, ete., to the middle points, and direct Oa, 
perpendicularly to a'a through the length of the first interval; 
ab, perpendicularly to b'b through the second interval; bce 
perpendicularly to c'c through the third interval and so on. 
All these constructions are identical with the construction shown 
in Fig. 4 for the fifth interval, as an example, from which it is 
evident that 


or 


As, 


in accordance with what is required by Equation [5] in a certain 


scale. The broken line Oa2b.c2d2, etc., is the desired time curve. 
The total time is equal to the height of the last construction. For 
convenience, the broken line can be divided into branches A, B, 
etc., and their heights, measured to a certain scale, added to- 
gether, will represent the total time. 

As to the scales by which the distance and time should be 
measured and read, the procedure is the same as the one used 
before, namely, the distance was based on the construction shown 
in Fig. 3 and determined by Equation [4], or 


dv t—r 
ds 37.5 [4a] 


if v is in miles per hour, s in miles, t — r in lb per ton of weight, 
¢ is the coefficient equal 37.5, for y = 0.0528. If we should use 
for the variables the scales given previously, namely 


vy = 10 mph = lin. 
= 5Slbperton = 1in. 
o = miles distance = 1 in., which is sought, 


then the relation from the geometric construction is 
_ (t—n"/¢ 
ds/a v/v 


or 


ds gu/y 


Putting, as before, all variables on one side of the equation 
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we wo, 
ds v v(t—r) 


dv 
Substituting the right-hand side of Equation [4] for - 


t—ro 


vv v(t—r) 


and after cancellation, 


Inserting the values for scales in formula [6] 
10? 20 
= ———_ = ——_ = 0.533 mil inch, 
37.5X5 37.5 


if the other scales are as previously chosen. 
As to scale for time when figured by the method in Fig. 4 on 
the basis of formula [5a], if we follow the same procedure 


aye 
As/a V/» 


Comparing this with [5], it is again evident that 


be 
6 


or 


y? v 


= 
by 37.5¢br 37. 


For the previously used scales and constants 


10 1 
37.5 X2X5 he 


which is true, at the same scales, or for any train with 7 = 0.0528 
and = 37.5. 


Generally 
91.1801 
and 
91.18 1 3 
o= x miles per inch........ 
where 


» = scale for speed, miles per hour per inch 
scale for forces, pounds per ton per inch 
b = parameter, units 


6 


as used in the described method of plotting speed, distances, and 
time curves, 

By using the graphical method, we are able to read a definite 
answer as to distance and time, because the lines, no matter how 
acute the angles become, will finally intersect each other. It 
would be different if we should attempt to solve the problem 
analytically, By looking at Figs. 2 and 4, it is evident that the 
numerators of Equations [2] and [4] are nearing zero at bal- 
anced speed and the integrals for time and distance reach infinity. 
However, we know that trains are reaching their destination in 
finite time. It is easy to see why it is so. A slight increase in 
the pull caused by the engineer of the locomotive, or a slight 
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reduction in train resistance, when the speed is nearing the bal- 
anced speed, will establish a slightly greater speed for the next 
period of running. So, for instance, in a train which the author 
has investigated, with speed balancing out at 102.5 mph, the 
distance and time determined by the author’s graphical method 
were plotted (in Fig. 5) from 95 to 102 mph for one-mile inter- 
vals. The total distance from summing up the 1 mile-per-hour 
intervals was then 16.25 miles and the time 9.8 min, and the 
average speed was 99.5 mph. Then if this be covered in one 
run with one acceleration from 95 to 100 mph and two accelera- 
tions of 1 mph each (from 100 to 101 and 101 to 102 mph), 
the total distance from 95 to 102 mph would be 15.45 miles in 
9.25 min with an average speed of 100.2 mph. If the whole in- 
crease in speed of 7 mph from 95 to 102 mph is run through in 
one interval, then, as found graphically, we need 8.35 min to cover 
14.0 miles with an average speed of 100.5 mph. Consequently, 
it does not make much difference how we divide the intervals im 
speed, provided they are small, not over 5 mph for the higher 
speeds. The average speeds of the last elements, nearing the 
balanced speed, are about the same, although the distances and 
times may seem to be quite different. This is very gratifying, as 
the speeds of the runs will be thus practically not affected. 


ANALYTICAL METHOD AND EXAMPLES 


If we knew the law of the difference between tractive effort 
and resistance curve, namely, if we knew in Equation [2a] the 
functional relationship of t — r, the integration of this equation 
would be possible in some cases. It is seldom that this difference 
can be expressed in a function which would be easily integrated. 
However, in a modern steam locomotive the tractive effort less 
streamline air resistance can, with a close approximation, be 
assumed to be a straight line, or a system of straight lines, as 
shown in Fig. 7. In such a case an integration, although tedious 
and cumbersome, is possible. 

Suppose we take Equation [2a] for which we assume a linear 
function for ¢ — r of the type 

t—r V 


or 
(t—r)b + Va = ab 
and 
(t—r)b  ab—Va 
% 


Consequently, from Equation [2a] 


ad _ 
dV ab—Va 
Vo 96bdV 


A more accurate coefficient 96 corresponding to y = 0.0528 
instead of the approximate coefficient 100 has been assumed for 
all of these calculations. 

This is a logarithmic integral which, when developed with all 
the constants and between the proper limits, gives a long, com- 
plicated formula. The calculation requires tedious work. The 
advantage of the graphical method becomes at once apparent 
after the first attempt is made to solve the equation analytically; 
and this only with the approximation of one straight line for the 
tractive effort, which is not always possible. 

The author, however, did it once for the New York Central 
J-3 locomotive, for which the tractive effort less train resistance 
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Fic. 6 Piorrine Distance AND Time INCREMENTS FOR 95-96 Mpu Sprep INTERVAL 


was shown in Fig. 9 of the author’s discussion of C. T. Ripley’s 
paper (17, p. 360). It is evident that t — r curve differs slightly 
from a straight line. This curve is also shown in Fig. 5 for a 
somewhat lighter train, as a straight line. The equation of this 
line*is 
t—r V 
— =] 
a + b 
Consequently, following Equation [2a] 
Vo 96bdV 
9 ab—Va 
The result of integration, in seconds, is 
T = 96 [—2.57 loge (39.87 — 0.389V)]3°* + 909.317. . [9] 


The formula for distance is even more complex. It can be found 
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Fic. 7 Tractive Errort—Broken LIne 
by solving an exponential function for V and making a second 


integration of the expression V = = . This also has been done by 


the author for the foregoing case of the New York Central J-3 
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locomotive, with a straight-line tractive curve. The results are 
given in Table 1 in comparison with the graphical method for 
this New York Central locomotive J-3. 

The right-hand side of Fig. 5 shows the construction of the 
distance and time curves of the author. For the sake of space, the 
acceleration line, speed versus distance, is shown in several 
branches, A, Aj, Ag, ete., starting out from point 0, 0;, 02, ete. 
They are all drawn according to the author’s method. 

A is the acceleration curve from start at zero speed to 45 mph 
(the seales are given on the chart); A; is the acceleration curve 
branch from 45 to 75 mph; Ag, As, A, are accordingly the ac- 
celeration branches from 75 to 85 mph, from 85 to 90 mph, and 
from 90 to 95 mph. The curves after 95 mph are drawn for speed 
intervals of one mile per hour. (See example Fig. 6.) 

The corresponding branches of the time curve for the same in- 


TABLE 1 
Graphical method Analytical method 
- —(Fig. 5)——— -—formulas [8] and [9] 

Speed at Time from Time from 

end of Distance 0 to end of Distance 0 to end of 
interval, covered, interval, covered, interval, 

mph miles sec miles sec 

5 .007 12.3 .0071 12.369 
10 .038 25.0 .041 25.329 
15 .086 40.0 .090 39.055 
20 .155 53.5 .154 53.558 
25 . 255 68.0 .254 68.994 
30 385 84.0 . 386 85.440 
35 .543 102.0 .540 103 .086 
40 .740 122.0 .740 122.062 
45 142.5 .990 142.636 
50 1.280 164.0 1.270 164.000 
55 1.690 192.5 1.639 189.317 
60 2.12 219.0 2.124 219.000 
65 2.650 249.0 2.643 249 .000 
70 3.360 288.0 3.339 287 .000 
75 4.080 324.0 4.079 324.000 
80 5.165 374.0 5.164 374.000 
8&5 6.600 437.0 6.604 437 .000 
90 8.550 516.0 8.544 516.000 
95 11.900 646.0 11.884 645.361 
96 12.850 681.8 12.822 680 . 626 
97 13.940 722.4 13.932 721.958 
98 15.320 773.0 15.277 771.532 
99 17.100 838.0 16.981 833.638 
100 19.200 913.7 19.277 916.719 
101 22.820 1043.5 22.817 1043 . 286 
102 28.150 1232.0 30.517 1316.651 

+ Infinity + Infinity 
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tervals are also shown on this chart (Fig. 5) T, 71, T2, T3, ete., 
drawn from the same centers, 0, 0;, 02, 03, and so on. From 0g; 
starts the 7's, curve, the construction of which was given sepa- 
rately on Fig. 6. 

The distances and times were figured both ways—analytically 
by integration of Equation [8] and double integration of the ex- 
pression for speed; also graphically as shown in Fig. 5. The re- 
sults of these calculations are given in Table 1. 

This construction was made in order to compare the results 
of the author’s method with the analytical method as to its 
accuracy, and at the same time to check the scales and the 
correctness of the proposed formulas [3], [6], [6a], [7], and [7a]. 
The coincidence of the results is very gratifying. 

The next example is the test run of the Atlantic Coast Line 
steam locomotive, built by the Baldwin Locomotive Works (21). 
From the information published in this article and additional in- 
formation kindly supplied by the builders, it was possible to plot 
a curve for the train from Jesup to Nahunta, a distance of 28.5 
miles. A chart was made for this section of the road for a train 
of a weight given in the publication (1948 tons). The power of the 
locomotive was figured to the author’s formulas of 1934 (22); 
the train resistance was taken in accordance with Davis’ formula 
(23); the air resistance with formulas of the author (19). The 
average speed of the run, as found from the chart over the profile 
(Fig. 8), was 56.5 mph. The actual average speed on test was not 
given for the investigated division, but for the whole distance 
(648 miles) it is shown in the Baldwin publication as 53.8 mph. 
As signal stops and other retardations are included in the entire 
run, the agreement between speeds is very good. 

An acceleration curve plotted from test data on a distance 
basis, and another curve on a time basis, are given in the Baldwin 
article (21, p. 19). Both are redrawn in the author’s chart (Fig. 
9) and they show good agreement, two almost coinciding curves. 

The author’s method was used for the first time in this country 
when the Hiawatha train was built for the Chicago, Milwaukee, 
St. Paul and Pacific in 1935. The entire run from Milwaukee 
to St. Paul was investigated for the Hiawatha with seven cars 
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of a total weight of 358 tons and the time was found to be 6 hr, 
30 min for the entire distance (409 miles). At present the 
Hiawatha runs with nine cars having a total weight of 440.4 
tons, making the total weight of cars and locomotive 688.4 tons. 
Fig. 12 represents the time-speed-distance curve for this new train 
and the Hiawatha locomotive, the tractive effort of which was 
built according to the author’s 1934 tractive-effort moduli (22), 
his resistance curves for equipment (19), and his time-distance 
graphical method, as exemplified in the foregoing. Between sta- 
tions Red Wing and Winona the time thus found was 56 min, 
while the tape taken off the train, shown in Fig. 12 in dotted lines, 
and the actual performance give 55 min. After this, many more 
high-speed Diesel-electric and turbine-driven trains were investi- 
gated. From the examples which have already been given, the 
method and procedure are obvious. The only curve which might 
not be amiss to present, as an example, is the braking curve, 
which has been once shown at the end of chart of Fig. 8, for the 
Atlantic Coast Line train. 

The braking curve was drawn for the Hiawatha train of a total 
weight of 632 tons, consisting of a locomotive with a weight, 
including tender, of 274 tons. The braking power of locomotive 
and tender have been assumed as follows: Engine truck 45, 
drivers 78, trailer 60, and tender 100 per cent of the light weight 
on the wheels, and cars 90 per cent of their weight. 

The retarding force (augmented by train resistance) friction 
between braking shoes and wheels is shown in Fig. 11. On the 
basis of this assumption the braking force was built as given in 
Fig. 1. The retardation curve was plotted in the same way as 
the acceleration curves, for both speed and time. 

As can be seen, the time of braking was determined as 37 sec 
for bringing the Hiawatha train to a stop from 100 mph; the 
distance for braking has been found to be 0.62 mile. 


CONCLUSION 


The practicability of the proposed method has been proved 
during many years in many countries and for different trains, 
by international research, as it were. It may be found useful 
for application to our trains, especially those for high speed, for 
which acceleration and retardation speeds and times require 
exact determination. 
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Discussion 


k. P. Jonnson.* Modern train operation, with its fast sched- 
ules and heavy tonnages, presents a serious problem for rail- 
road-operating staffs and mechanical departments, and also the 
preliminary engineering departments of locomotive builders. 
Very often the running time is so reduced and the train consist 
so changed as to make prior experience of railroads along these 
lines of diminished value, hence, theoretical considerations be- 
come increasingly important. This paper, which indicates 
careful research and attention to detail, should prove of con- 
siderable interest to those concerned, being both timely and 
informative. 

While the development of the basic analytical formulas in this 
paper is along rational and orthodox lines, the graphical method 
shown is ingenious and apparently a close approximation of 
actual results, based on the comparisons shown for the Atlantic 
Coast Line and Hiawatha locomotives. 

To compute tractive effort for locomotives operating at ultra- 
high speeds, approximating 100 mph, is still a problem, as is also 
train resistance, all due to the limited amount of test data avail- 
able. These items render difficult an accurate calculation of the 
accelerating power available. At such high speeds, much of the 
existing test data is extended by extrapolation, an expedient 
which must serve until more definite information is obtained. 

The writer’s company uses a combination analytical-and- 
graphical method, based on formulas published about 30 years 
ago, and fundamentally identical with the method shown in the 
paper in so far as the analytical method is concerned. Tractive 
effort is computed in the conventional manner; locomotive 
tender and train resistances in accordance with the Davis form- 
ulas; and the difference represents the accelerating power 


‘Chief Engineer, The Baldwin Locomotive Works, Philadelphia, 
Pa. Mem. A.S.M.E. 
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available. From this force, curve and grade resistances are 

deducted, as may be necessary, and the remainder used in plotting 

speed-distance or speed-time curves as may be desired. The 

remainder is substituted in the following conventional formulas: 
For distance in feet necessary to accelerate 


70 
D= A (V2? 


For time necessary to accelerate 


95.6 
T=——(V:—V 
A (V2 i) 


where V, lower speed 
V2 higher speed 
A = accelerating force per ton available 


The speed increments (V2 — V,) are usually taken at 5 mph. 

By planimetering the area under a speed-distance curve, an 
average speed is determined from which the running time may be 
computed. 

In working out such problems, consideration must be given to 
speed restrictions on curves, bridges, through towns, and those 
imposed by the short distances occasionally existing between 
station stops. 

It would seem to us that the graphical method thus outlined is 
somewhat simpier than shown in this paper, particularly if long 
runs are involved. We had occasion not so long ago to make a 
time study of this nature over a profile more than 2200 miles 
long. We did not have an opportunity to check actual results 
against our theory, except in a few places, but these checks were 
gratifyingly close. 

Modern high-speed operation presents problems in decelera- 
tion as well as acceleration, but the paper does not say much 
about this. On some railroads, such as the New Haven, sta- 
tion stops may be rather close. If, on such a road, the decelerat- 
ing force were relatively low, the train could not, within the dis- 
tance, be permitted to attain the maximum speed of which it is 
capable. Such a condition would require special consideration. 

In working out a number of time studies, especially over a 
period embracing the last 10 years, Baldwin engineers have 
developed a routine procedure along the lines discussed in the 
foregoing, which provides a reasonably rapid determination of 
the problem involved. Basic formulas and tabulations are 
given in a booklet® published by the writer’s company. We note 
the bibliography appended to the paper makes no mention of 
this booklet. 

It is hoped that not only will more rational analyses of these 
problems be possible, but that the plotting of such graphs in pre- 
liminary considerations will more closely approximate results to 
be expected in actual service. 


R. T. Sawyer.® This interesting paper covers the subject in 
such great detail, there is very little the writer can add to it in a 
discussion, except to point out that the author’s method actually 
is one of several, all of which have proved to be quite satisfac- 
tory. The principal methods are as follows: 


1 Calculate each step separately. 
2 Arrange calculations in an orderly manner, such as in 
tabular form, and then fill in this table progressively. 
(a) Time for computations may be shortened by using a 
slide rule. 
(6) Yet more time can be saved by doing the simpler parts 


5 “Locomotive Data Book,” Eleventh edition, published by The 
Baldwin Locomotive Works, Philadelphia, Pa., 1939. 

* Sales Engineer, Diesel Locomotives, American Locomotive Com- 
pany, New York, N. Y. Mem. A.S.M.E. 
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of the calculations mentally, completing the more compli- 
cated equations with the aid of the slide rule. 

3 The graphical method described by the author. 

4 A graphical method carried out with special calculating 
machines, such as that developed by Perkinson of the General 
Electric Company, Erie, Pa. This method is only practical for 
calculating long runs as, for example, New York to Chicago, be- 
cause of the time required to set up the machine. This method 
gives a very uniform result, but the writer cannot state that it is 
more accurate than other methods. 


AvTHor’s CLOSURE 


From the introduction to this paper, the reader must have 
already noticed that the railroad engineers in Europe were the 
most interested in the author’s method of time-speed-distance 
calculations. It is strange, judging by the paucity of the dis- 
cussions of the present paper and by the total absence of discus- 
sions by railroad engineers, to see that in this country only 
locomotive builders revealed some interest in the paper. Mr. 
Johnson speaks in his discussion for the railroad engineers, when 
he points out that “modern train operation, with its fast schedules 
and heavy tonnages, presents a serious problem for railroad 
operating staffs and mechanical departments, and also for the 
preliminary engineering departments of locomotive builders.” 
The absence of discussion from railroad engineers in this country 
may probably be explained by the pressure of business which the 
present state of the country’s defense has imposed on the available 
time of railroad engineers and employees. 

Reverting to the substance of Mr. Johnson’s discussion, the 
author does not agree with the statements that the combined 
analytical and semigraphical method of the discusser’s company 
mentioned in the Baldwin booklets, ‘‘Locomotive Data’ (26),? 
is fundamentally identical with the method shown in the paper 
and that “the graphical method thus outlined [Baldwin’s} is 
somewhat simpler than shown in this paper [Lipetz’], particularly 
if long runs are involved,” this because the author’s graphical 
method has not been known so far, and is not similar to any other 
method so far used in this country. As a rule graphical methods 
are simpler than analytical, or semianalytical methods, and in 
this circumstance is to be found the justification of their existence. 
This is true for many branches of engineering, probably for the 
graphical calculation of stresses in bridges, and is more true for 
the plotting of the time-distance curves for railroad trains. If 
the discusser, Mr. Johnson, wanted to prove the opposite state- 
ment, he should have taken an example, for instance, the Atlantic 
Coast Line Train, or the Hiawatha, analyzed in the author's 
paper graphically, which are also running over long distances, 
and make the calculations by the combined analytical-graphical 
method. This would give him an opportunity to show in detail 
what the method consists of and prove that it is simpler. This 
has not been done by Mr. Johnson, but it has been done now by 
the author, and he has found that for a distance of only 3.2 miles 
the analytical method by the Baldwin formulas occupied the time 
of at least 3'/2 hr of a very skilled calculator, whereas the author's 
graphical method required only 45 min by the same calculator 
for the same distance. 

Before closing the reply to Mr. Johnson’s discussion, may the 
author also call the reader’s attention to the statement made by 
Mr. Johnson, namely, “by planimetering the area under a speed- 
distance curve, an average speed is determined from which the 
running time may be computed.’”’ This is incorrect. A refer- 
ence to the author’s paper, page 604 right-hand column, para- 


7 In all editions up to 1939, a Baldwin method is hardly mentioned; 
only in the 1939 edition, the formulas on pages 40 and 41 are given 
for acceleration of trains on level track, but not for calculation of 
time tables. 
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LIPETZ—PLOTTING TIME-SPEED-DISTANCE CURVES FOR RAILWAY TRAINS 


graph beginning, “Suppose that a train stands in a station” and 
the one that follows, will make this clear. As the speed-time 
curve will therefore represent distance because it is equal to 


te te S2 
dS 
A= Vdt = dt = f dS = So Si 
dt Si 


If this is divided over the length of the diagram t, — 4, then the 
average speed is found. If we should attempt to draw the 
average ordinate under the curve V = f(S), as the discusser 
suggests, the ordinate would represent the average speed as 
function of distance, which is not the average speed as we under- 
stand it; the latter must be referred to time in order to be speed, 
and it will be impossible by any constants to convert one average 
into the other. The author does not know these constants and 
the method of conversion of one into the other, unless by going 
through the determination of distance S and time ¢t. In other 
words, the determination of time is needed for a method, the 
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object of which is the same—determination of time. This is not 
very helpful. 

With regard to R. T. Sawyer’s discussion, the method which he 
advocates requires the coincidence of the elements of speed and 
time with elements of the profile; otherwise, it would become very 
complicated, calling for a great deal of calculation, and if followed 
for the example cited, regarding the Baldwin method, it would 
require much more time than their method for the length of 
3'/2 miles. The author suggests that Mr. Sawyer make a com- 
parison of his and the author’s methods of calculation applied to 
a certain stretch of a profile and check the time needed for the 
‘alculation in each case. He would find that while the author’s 
graphical method required only 45 min, his method would re- 
quire at least 6 br. In addition, both Mr. Johnson and Mr. 
Sawyer should, in figuring time, consider the accuracy of the 
results, comparing time and distance with figures of actual 
experience, as the author did in his paper. 
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Power Losses in High-Speed Journal Bearings 


By F. C. LINN! ano D. E. IRONS,! LYNN, MASS. 


The effect and interrelationship of the various factors 
which influence bearing losses have been the subject of 
many experiments and a vast amount of theoretical work 
since the basic physical principles of lubrication were 
outlined by Osborne Reynolds. In the half century follow- 
ing Reynolds’ work, the hydrodynamic theory of lubrica- 
tion has undergone considerable development. Like all 
theory, it needs to be examined and re-examined in the 
light of experimental data. In this paper, several novel 
contributions in the form of experiment and theory are 
presented. The paper deals with the results of tests made 
to determine the power losses of bearings of the type used 
on turbines manufactured by the company with which 
the authors are associated. 


NOMENCLATURE 
; in following nomenclature is used in the paper: 


total bearing load, lb 

unit bearing load, psi 

axial length of bearing, in. 

journal diameter, in. 

frictional force at journal surface, lb 
power loss, kw 

speed of journal, rpm 

angular velocity of journal, radians per see 
peripheral velocity, in. per sec 

coefficient of journal friction 
temperature, F 

temperature rise, F 

rate of oil flow to bearing, gpm 

specific heat of oil, Btu per gal per deg F 
dyne see 


N 


absolute viscosity, centipoises 
cm 


specific gravity of oil 
exponent 

constants 

functions 

diametral clearance, in. 
torque, in-lb 


C, K, Ke 
o1, ete. 


Loss CHARACTERISTICS OF JOURNAL BEARINGS OF DgsIGN 
TO THOSE TESTED 


The most interesting result of the tests described in this paper 
is the power-loss formula which was established. This formula, 
the derivation of which is given later, is 


Nn 
L = 2.81 X 107? 0-43... [1] 


A number of other interesting results were obtained as follows: 


(a) f= (2. ») 
Pp 


‘Turbine Engineering Department, General Electric Company. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Taz Ammrican Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society, 


for a given bearing when Q, J/d, and d are constant 


f = ¢ ») 


for a given bearing when //d and d are constant 
ZN 
() f=e (229 u) 


when p and //d are constant for bearings of similar design. 

(d) The loss changes only slightly with changes in unit load. 

(e) The clearance ratio (mils clearance per inch diameter) 
should be increased with speed to obtain minimum power loss. 

(f) The actual width of the groove over the top half of the bear- 
ing, so long as there is a liberal cross section, has little or no effect 
upon the loss. 

(g) Curves resulting from the test data can be extrapolated to 
predict the loss of bearings of similar design beyond the range of 
those tested. 

Table 1 gives the important dimensions of the bearings which 
were tested and the range of test conditions for each bearing. As 
shown in the table, the smallest bearing tested was 3 X 3 in. and 
the largest 8 < 6'/, in.; the over-all pressure range was 51 to 
775 psi and the speed range was from 3600 rpm to 12,000 rpm. 

Fig. 1 shows the general features of the type of bearing tested. 


METHOD oF TESTING 


All the different methods of determining bearing loss were 
investigated before beginning the tests. After weighing the 
relative advantages and disadvantages of these, the heat-balance 
method was selected as being the best for the purpose. The test- 
stand setup is illustrated in Fig. 2. 

The bearing housings, inlet, and discharge pipes were insulated 
with 1-in-thick high-temperature insulating material. 

The test shaft was driven through a flexible coupling by a vari- 
able-speed turbine which was provided with a speed governor 
and its own oiling system. A turbine-driven oil pump supplied 
oil to the bearings being tested, and the quantity of oil supplied 
was measured by means of displacement flowmeters in the lines 
to the bearings. 

Calibrated Fahrenheit thermometers and thermocouples were 
placed in each inlet and outlet oil line. The thermocouples 
were used to check the temperature rise. In order to measure ac- 
curately the average outlet-oil temperature, the thermometers 
were placed in a tee where the direction of flow changed from the 
horizontal to the vertical. An orifice placed in the discharge line 
had a thermocouple located directly back of it. 

Oil coolers were provided to maintain a constant inlet-oil tem- 
perature. A constant head of water on the cooler was maintained 
by means of a gravity-flow system. 

Load was applied to the top of one of the bearings, as illustrated 
in Fig. 2, through a beam which was pivoted on rollers at the 
bearing, pivot point, and applied load. 


Discussion oF TESTS AND MreruHop oF PRESENTING RESULTS 


The values of specific heat 5, absolute viscosity Z, and specific 
gravity p, of the oil were based on the average of the inlet and out- 
let temperatures. 

In the early part of the testing work, the flow of oii to the bear- 
ings was maintained constant so as to eliminate the effect of that 
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TABLE 1 
Clearance ratio, 

mils per in. Top-half 

——diam-——~ grooves, 

Test Dimensions Hori- width X 

no. 1X d,in. Vertical zontal depth, in. Feed type 

1 3X3 2.0 3.0 None On up-coming side 
2 3X3 2.0 3.0 13/4 X 1/32 On up-coming side 
3 3X3 2.0 5.0 13/4 X 1/3 On up-coming side 
4 3 X 31/4 2.5 5.0 18/4 X 1/32 On up-coming side 
5 3 X 3%/e 2.0 5.0 13/4 X 1/22 On up-coming side 
6 3X 3/4 3.0 4.7 13/4 X 1/32 On up-coming side 
. 4x4 2.5 3.0 2X Vie On up-coming side 
8 4x4 2.5 5.0 2X Vie On up-coming side 
9 6 X 43/4 1.3 2.5 1 X V/s On up-coming side 
10 6x8 1.3 2.5 (2) 1 X 1/16 On up-coming side 
11 8 X 61/4 1.3 5.0 X On up-coming side 

(diagonal) 
12 8 X 61/4 .3 2.5 11/4 X 1/2 On up-coming side 

(diagonal) 


Nore: Are of babbitt of loaded surface = 120 deg — 130 deg. 
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Fic. Bearinc Test STanp 

variable, and it was found that, for each value of bearing pressure, 
the coefficient of friction varied exponentially with ZN/p; in 
other words a straight-line curve on log-log paper was obtained 
for f versus ZN/p at each value of unit pressure. 

Later, when the total flow of oil to the bearings was varied, it 
was found that for each value of pressure the coefficient of friction 
varied exponentially with ZNQ/p. (It should be understood that 
the flow of oil Q is the total amount supplied to the bearing, 
which may be more or less than the amount of oil which flows 
between the journal and lining on the loaded side.) The resulting 
values of f were then plotted against ZNQ/p for various values 
of p, Figs. 3 and 4. It was also found that a cross plot of f versus 
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—————-Range of test conditions— 


Drain type P, psi N,rpm centipoises Q, gpm 
Through ends of lining 57-521 8000 10-13 0.6-1.0 
Through ends of lining 57-521 4000-12000 11.5-18 0.5-1.0 
Through ends of lining 57-521 8000 12-18 2.0-3.5 
Through ends of lining 52-480 4000-12000 6-15 0.6-3.5 
Through ends of lining 52-480 8000-12000 11.5-18 1,.2-2.85 
Through ends of lining 2-480 4000-12000 6-20 0.5-3.5 
Through ends of lining 59-775 4000-12000 15-19 0.95-6.6 
Through ends of lining 59-775 4000-12000 10.6-17.4 0.9-5.5 
1/2 1/4 orifice 86-500 3600-6000 7-20 1.7-9.0 
1/2 X 1/4 orifice 51-355 3600 7.5-16 2.5-9.0 
Through ends of lining 59-416 3600-6000 6.5-19.5 3 0-15.5 
Through ends of lining 60-500 3600-6000 7-15.5 5.0-16.0 


| ON CURVES, | | | 
2 3 3690 2 3 8s 6 
Fig. ZNQ/p Versus f Curves ror 6 X 8-In. 130-Dea LintnG 
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Fic.4 ZNQ/p Versus f Curves ror 8 X 120-DeG 


p at constant values of ZNQ/p gave a straight-line curve on log- 
log paper. Thus, we are led to believe that 


for a given bearing when J/d and d are constant, as illustrated in 
Figs. 3 and 4. 

The cross plot of f versus p for constant values of ZNQ/p gave 
a check upon the accuracy of the test results. 

A detailed discussion of the results of the tests on all the bear- 
ings need not be given here. However, the results on one of 
the 3 X 3-in. bearings are of particular interest. The first test 
on this bearing was with 0.006-in. clearance in the vertical plane 
and 0.009-in. clearance in the horizontal plane and with no groove 
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in the top half but with oil fed to both sides at the horizontal joint. 
The second test was run on the same bearing with a !/3. & 18/¢-in. 
circumferential groove over the top half and the feed was on the 
upcoming side of the shaft. In the third test, the horizontal 
clearance was increased to 0.015 in. Fig. 5 is a plot of the results. 
These tests clearly show that a circumferential groove in the top 
half and relatively large clearances are required to give minimum 
loss in high-speed bearings. 

The following formulas were used in working up test results: 

Relationship of total load and unit pressure 


33000 12x L 
84400 L 
By definition 
84400 L 
rNW (4] 
Heat-balance formula 
AtsQ 


COLFFICERT OF FRICTION 


8910 
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The values of specific heat 5, absolute viscosity Z, and specific 
gravity p, are shown in Fig. 6 for the oil used in test. 

Most of the tests were made on bearings whose length was not 
equal to the diameter. In order to compare bearings properly, 
they should be geometrically similar. Results of tests, therefore, 
have been transposed, by means of the following method, to 
bearings whose 1/d ratio equals unity. 


Giimbel? expresses the loss in a bearing as 


L = VZ(l + 
from Equations [3] and [4] 


So for variable bearing length and constant values of p, Z, w, and 
d 


Ly _ + 
and 
+ 4d)b 


fr (lz + 4d)h 


Although Equation |6| does not contain an expression for the 


2“Steam and Gas Turbines,”” by A. Stodola (English translation 
by Lowenstein). McGraw-Hill Book Co., Inc., New York, N. Y., 
1927, vol. 1, p. 477. 

3 The factor (1 + 4d) was originally used by Giimbel? to take ac- 
count of the end leakage in a bearing. 
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flow of oil Q, the assumption has been made that Equation [9] 
is true at constant values of ZNQ/p. Since transformations 
from one value of the coefficient of friction to another were made 
only for small changes in bearing dimensions, it is felt that errors 
due to this assumption are small. 

In order to determine the relationship of f and ZNQ/p for 
the bearings of various size, curves at constant pressures of 150 
psi and 600 psi were drawn as shown in Figs. 7 and 8. 

Hersey‘ has shown by means of dimensional analysis that 


ZNecl 


x ZN cl 
and 

thus removing the requirement for geometrical similarity so 
far as the clearance-diameter and length-diameter ratios are 
concerned. The tests herein reported also indicate that in addi- 
tion 


J = ¢;(ld) 


when I/d is constant. 
This relationship is illustrated in Figs. 7 and 8, in which a family 


«“‘The Theory of Lubrication,’’ by M. D. Hersey, John Wiley & 
Sons, Inc., New York, N. Y., 1938, pp. 86, 87, and 88. 
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of f versus ZNQ/p curves, drawn at constant values of p, give 
straight lines on log-log paper with ld as the parameter. Th« 
curves are drawn parallel to each other in order to simplify the 
mathematical derivation of the power-loss formula. Some slight 
shifting of the actual test curves was necessary to make them 
parallel. 

A unit load of 150 psi was selected as the value on which to 
base the loss formula, since in turbine and gear work the bearing 
pressures vary from 50 to 200 psi, and the loss variation with load 
within this range is not very great. Fig. 9 illustrates the varia- 
tion at 5000 rpm for loads from 50 to 600 psi for a6 * 6-in 
bearing. 


L. POWER LOSS IM KiLOWwaATTS 


FIGS OW CURVES REPRESENT 
BEARING DIMENSIONS d 


SLOPE 2.69 


win 
SLOPE: 143 


y 
7 69” 
SPEEO— 1000 


Fic. 11 Beartne Loss Versus Speep FoR OversHoT LUBRICATION 
BEARINGS 


(p = 150 psi; Z = 13 centipoises.) 


4, POWER LOSS IM KILOWATTS 


FIGS. ON CURVES ARE 
VALUES OF DIAMETER 
INCHES. 
ASSUMPTION 

WHERE Wp, 4, 
ARE CONSTANT. 


SLOPE = 965 


4 6 7 to 
BEARING LENGTH IN INCHES 


Fie. Kritowarr Loss Versus Leneru 
(Z = 13 centipoises; p = 150 psi; speed, 5000 rpm.) 


= 
| 
re / | 
/ 
| | | | | | 
Gi } | } | 
Brake 
> LOG f V3 LOG 
_ 
- ¥ 


/ 


LINN, IRONS—POWER LOSSES IN HIGH-SPEED JOURNAL BEARINGS 621 


DERIVATION OF PowErR-Loss ForRMULA 


In order to demonstrate the interrelationship of the primary 
variables affecting the power loss in bearings, Equation [1] was 
derived from the test data. The formula is entirely empirical 
and it should be noted is based on data which have been made 
consistent within itself. An analysis of the derivation follows: 

Referring to Fig. 10, log f, plotted against log ZNQ/p at 
constant pressure, gives a series of straight-line curves with the 
bearing size ld as a parameter. These straight lines may be ex- 
pressed mathematically by an expression of the form 


log f = log fo + mlog ZNQ/p.........-. }10} 
where 
fo = function of p and ld 
m = function of p 
Now 
log fo = log fo’ + m’ log (Id)............ {11} 
where 
fo’ = function of p 
m' = function of p 
Hence 


log f = log fo’ + m’ log (ld) + m log ZNQ/p 
log f = log [fo'(ld)"' (ZNQ/p)™) 


From the definition of the coefficient of friction 
xadNwf 
= —— = 0. 592 pNd(ld)f...... 13 
12 X 33000 00000592 pNd(ld)f | 
0.746 


Substituting Equation [13] in Equation [12] 


L = 0.00000592 p!-™ fo'l!* [14) 


From the master curves of which Figs. 7 and 8 are examples at 
150 and 600 psi, respectively, the values of fo’ and the slopes m 
and m’ may be determined. Choosing p equal to 150 psi and sub- 
stituting the values of fo’ and m and m’ in Equation [14] gives 
the power-loss equation 


As derived, Equation [1] applies strictly to 150-psi bearing 
pressure. For other values of pressure, a slight change occurs 
in the value of the constant and exponents. 

Typical curves of speed versus loss, Fig. 11, and bearing 
length versus loss, Fig. 12, have been plotted by use of this 
formula. Curves illustrating the effect of other variables on loss 
can be plotted. 


Errect or Top-HatF Groovine on Loss 


The addition of a groove over the top half of a journal bearing 
reduces the loss somewhat, but the size of the groove used has 
little effect on the value of the loss. As recorded in Table 1, the 
width of the groove was varied from '/; to ?/; of the bearing length. 
The effect on the power loss was not measurable in these tests, 
the reason for this being that a vacuum occurs over a large por- 
tion of the upper half. 


Appendix 
ComPaRISON WITH OTHER INVESTIGATORS 


(2) Tests made by Metropolitan-Vickers® at Trafford Park, 
Manchester, England. 


‘Tests made by the Metropolitan-Vickers Company, Trafford 
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kia. 14 Comparison or Lynn Beartine Test W1TH THEORETICAL 
CALCULATIONS 


(p = 150 psi; Z = 13 centipoises.) 


The first test was made on a 12 X 16-in. cylindrically bored 
overshot bearing with 0.0025 in. per in. clearance and a 9!/.-in. 
circumferential groove 0.015 in. deep in the top half. The are 
of contact was approximately 140 deg. 

The data given for this test were worked up to obtain values of 
f and ZNQ/p. 

Curves of f versus ZNQ/p and f versus p were drawn for a 
12 X 16-in. bearing, based on the authors’ results. 

The Metropolitan-Vickers test points were then plotted as 
shown in Fig. 13 and very good agreement was obtained with the 
Lynn test curves. 

This close agreement indicates that the loss formulas developed 
from the tests and presented in this paper are correct. It also 
illustrates that the method of working up and presenting the 


Park, England; partially reported in ‘“‘Steam Turbine Journal Bear- 
ings,” by H. L. Guy and D. M. Smith. General Discussion on Lubri- 
cation and Lubricants, The Institution of Mechanical Engineers, 
London, England, vol. 1. American edition published by Tue 
AMERICAN SocreTy OF MECHANICAL ENGINEERS, May, 1938, pp. 
115-121. 
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data gives a direct means of comparison of test data on various 
sized bearings of similar design. 

(b) A comparison of the bearing-loss formula developed at 
Lynn with results of other investigators has been made. Fig. 14 
shows the results of these comparisons for 3 X 3-in., 6 X 6-in., 
and 10 X 10-in. bearings with a viscosity of 13 centipoises and 
unit pressure of 150 psi. All of the formulas have been transposed 
and simplified in order to have the same nomenclature as is used 
in this paper and to be directly comparable. 

1 Curves based on the tests made at Lynn are drawn for At 
= 30 F and Q = 3 gpm for each bearing. 

2 The equation as given by Ljungstrom is based upon a Atl 
of 30 F and in terms of our notation is 


N 1,7 
L = 0.01565ld?-7 [15] 


It is evident from Fig. 14 that the Ljungstrom formula gives 
losses that are slightly high for the 10 X 10-in. bearing and 200 
to 300 per cent low for the 3 X 3-in. bearing, in the high-speed 
range (10,000 to 15,000 rpm). 

3 In the work by Hersey,‘ Newton’s law of viscosity is ap- 
plied to Petroff’s equation for a concentric, full journal bearing; 
that is, one which is slightly enough loaded and running at high 
enough speed so that the journal is well centered in the bearing. 

The moment of friction, or torque, is 


T = 2.38 X 10-8 {16} 
The loss may be expressed as 


12 X 60 550 oi 
Then 
24N N 0.746 
L 12 X00 (d/c)(l/d) X 0.145 X 10-§Z () X 550 
or 
L = 0.283 X 10-* Z(N/1000)? d3(d/c)(l/d)..... [18] 


it is interesting to note the close agreement of this simple 
fundamental equation with our results at a viscosity of 13 centi- 
poises. At other viscosities, the agreement will not be quite as 
good. 

4 An analysis of bearing theory by Giimbel? gives the follow- 
ing expression for loss: 


Loss in Ib-ft per see = KoU*/Z(l + 4d) UW .... [19] 


where 
Ky = a function of p, Z, U, 1, d 


Assuming an average value of Ky = 2.2, this reduces to 
L = 35.7 X + 4d)°-5. . [20] 


The factor (1 + 4d) takes care of the end-leakage effect for various 
ratios of | to d. 

5 SS. J. Needs* has developed a loss formula which includes 
the effect of end-leakage and clearance ratio. For the purpose 
of comparison, the formula has been transposed on the assump- 
tion of 1/d = 1 and for minimum coefficient of friction. 

Under these conditions 


L = 49.8 X [21] 


6 “Effects of Side Leakage in 120-Deg Centrally Supported Journal 
Bearings,” by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, pp. 721- 
732. 
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Discussion 


H. D. Emmerr.? The present state of disagreement that 
exists between the various published bearing-loss formulas is 
amply illustrated by Fig. 14 of the paper. The degree of varia- 
tion between the formulas used by the authors for comparison 
is of the order of 100 per cent, and the writer is aware of other 
loss equations in common use which would increase this dis- 
crepancy considerably. 

Many papers have been published in recent years covering the 
theoretical phases of journal- and thrust-bearing design, but 
few of these have given results which could be reduced to a 
simple formulation of the pertinent measurable variables. The 
authors’ presentation of the test results of bearings as used in 
steam turbines manufactured by their company is a notable 
addition to the published literature on practical bearing per- 
formance. 

The writer has found that, in the great majority of cases, 
the power loss of a lightly loaded bearing may be calculated with 
a fair degree of accuracy by a formula of the Petroff type, i.e.. 
based upon the simple shear forces in an evenly distributed oil 
film, with due allowance for any relief in the bearing surface. 
For this reason, it has been felt that any formula derived from 
practical tests would best be expressed as a correction to the loss 
for an unloaded concentric bearing. This becomes logical 
when it is considered that the major portion of the loss must 
result from the average viscous friction around the bearing 
circumference, regardless of the degree of eccentricity and side 
leakage. 

This conception is borne out from the theoretical standpoint 
by a short analysis made by the writer of the data presented 
by S. J. Needs*® as a result of solutions by electrical integration 
for 120-deg bearings of finite width. The method of calculation 
outlined by Needs is quite lengthy, and it was felt that the data 
could be formulated for easier solution by plotting the results 
in a manner which could be closely approximated by simple 
mathematical curves. The resulting formula, valid for 120-deg 
top and bottom bearings, of the dimensional range encountered 
in turbine-bearing design, may be expressed in the form 


2 
HP 1.75 dl ) + + 1.27 i 


where HP = bearing loss, hp 


= bearing diameter, in. 

bearing length, in. 

= absolute viscosity, psi per sec 

clearance ratio, diametral clearance/journal di- 
ameter 

= rpm 

= unit load, psi 


The first part of the formula is easily recognized as an expres- 
sion for the loss in an unloaded centrally running bearing. This 
expression is modified by a term proportional to the Sommerfeld 
variable which in turn includes a side-leakage factor. Therefore 


d 
l 

c 


7Steam Turbine Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. 


8 Ref. (6) of paper. 
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the amount of total loss in a given bearing in excess of the loss 
when running concentrically is indicated in the numerical solu- 
tion by the value of the modifying term. 

This formula is not presented by the writer as necessarily 
representing true values of the losses encountered in commercial 
bearings, but rather as a type of equation giving an immediate 
picture of the degree of loading on a bearing, as a function of the 
measurable bearing dimensions. As a matter of interest, how- 
ever, the agreement with the authors’ formula is quite close for 
the two smaller bearings indicated in Fig. 14. 


M. D. Hersey.’ While the authors’ power-loss equation is 
of exceptional interest as a step in establishing the laws of lubri- 
cation of journal bearings, it is not dimensionally homogeneous. 
Consequently, its use is limited to the range covered by the tests. 
This valuable study might yield information of wider applica- 
bility if expressed in dimensionless variables. See, for example, 
Edgar Buckingham’s study of windage losses in steam turbines, '° 
as well as his paper!! of 1915. 

Equation [1] of the paper might be reconstructed by formu- 
lating the coefficient of friction for geometrically similar bearings 
as a function of the appropriate dimensionless variables, for 
example ZN/p, Q/Nd’, hNd?/k, and ap/h. In the foregoing h 
denotes the heat capacity of the lubricant per unit volume and k 
its thermal conductivity, while a is the temperature coefficient of 
viscosity, or fractional change in viscosity per degree rise of tem- 
perature. 

The second of the four variables was introduced'? to provide 
for foreed lubrication, a condition excluded when ZN/p is used 
alone. The third and fourth are more familiar in thin-film 
lubrication, but applicable to thick films when the viscosity is 
nonuniform.'’ If the viscosity differences are very great a fifth 
variable such as a’/a? may be required, in which a’ denotes the 
rate of change of a with temperature, assuming our object is 
to set up charts or equations valid for more than one lubricant. 
These complications can be avoided to some extent if the vis- 
cosity Z is estimated from the mean temperature of the bearing 
surface, rather than by averaging the inlet and outlet oil tem- 
peratures. 

It is to be hoped that the tests may be continued in order to 
check some of the present results both with and without insula- 
tion, using a transmission or cradle dynamometer, and with 
Garmeeagte junctions in the bearing metal. 


® Research Director, Morgan Construction Company, Worcester, 
Mass. Fellow A.S.M.E. 

““Windage Resistance of Steam Turbine Wheels,”’ 
Buckingham, Bulletin, U. S. Bureau of Standards, vol. 10, 
pp. 191-234. 

'! “Model Experiments and the Forms of Empirical Equations,”’ 
by Edgar Buckingham, Trans. A.S.M.E., vol. 37, 1915, pp. 263-296. 

“On the Laws of Lubrication of Journal Bearings,’’ by M. D. 
Hersey, Trans. A.S.M.E., vol. 37, 1915, pp. 167-202. 
'S Ref. (4) of paper, p. 84. 
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G. B. Kare.itz.'4 Reliable test data on the friction in high- 
speed bearings are rather scarce, and the published test results 
of this paper are very welcome. The authors decided to present 
the coefficients of friction as functions of ZNQ/p, apparently 
because for each individual bearing these functions give a straight 
line on log-log paper for each individual value of p, the pressure 
on the projected area. 

The interpretation of the test data may be criticized on the 
ground that the friction losses in the bearings, i.e., the values of 
f (coefficient of friction), are caused and determined by the 
actual viscosity of the oilin the film. The viscosity of the film de- 
pends upon the temperatures obtaining actually in the film 
itself. These temperatures vary from point to point in the 
films, but not much. The film is so thin that the temperatures 
cannot differ appreciably from the temperature of the journal 
itself. It is, therefore, permissible to consider a uniform average 
temperature of the film in all computation of frictional losses. 
But this temperature is not the “average of the inlet and out- 
let temperatures’? used by the authors for the basis of their 
analysis. The film is the source of heat and its temperature is 
the highest in the bearing. The oil leakage from the bearing 
ends mixes with cooler oil flowing direct from the relief into the 
end grooves or into the pedestal, the temperature of the mixture 
being the outlet temperature. In the writer’s experiments, the 
temperature of the film was measured by thermocouples in- 
stalled either flush with the bearing or at a depth of a few thou- 
sandths of an inch from the bearing surface. With forced lu- 
brication this temperature was from 5 to 20 F higher than the 
outlet temperature in turbine-type bearings. The difference is 
smaller in larger bearings where the oil can flow through the 
clearance with greater ease than in smaller bearings where the 
direct crossover is more pronounced from the relief groove into 
the end grooves. 

The writer noted that the coefficients of friction given in the 
chart published by McKee, where they are plotted against 
ZN/P, and determined empirically on small automobile bearings, 
applied sufficiently well to turbine bearings of usual design. 
The paper does not tabulate data on the oil flow, temperatures of 
inlet and outlet oil, revolutions per minute, and load for individual 
runs; nevertheless, the writer attempted to apply the McKee 
chart to the 3 X 3-in. and to the 8 X 6'/,-in. bearings used 
in the plots, Figs. 4 and 5 of the paper. It was assumed that 
the cooling water and oil flow were regulated so that the 
inlet-oil temperatures were 150, 165, and 180 F, while the tem- 
perature rise of the oil through the bearing was 15 deg for the 
larger and 30 deg for the smaller bearing. The required oil 
flow Q was determined on the basis of McKee’s chart. The 


ralue ———~— 
1000 p 


was then found, where Z’ is the viscosity based on 
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TABLE 2. COMPARISON OF DATA ON TURBINE BEARINGS FROM McKEE CHART WITH THOSE FROM AUTHORS’ FIGS. 4 AND 5 
————( Computed on basis of McKee's Authors plotting — 
Inlet Outlet Film Oil Base — 
temp, temp, temp, Viscosity ZN f flow Q, temp, Viscosity, Z NQ 
F F F Z Cp p (Mc Kee) gpm F Z' Cp 1000p 
Bearing No. 2: 3 in. by 3 in.; c/d = 0.0025 (avg); p = 220 psi; W = 1980 lb; N = 6000 rpm; At = 30 F; T of film = Tout + 20 F; 6 = 3.42 Btu 
, per gal per deg F; Q = 116 f, Eqs. [4] and [5] 
150 180 200 9.5 258 0.0060 0.69 165 16.7 0.32 
165 7 3 210 0.0051 0.59 180 13.0 0. 
ua 230 64 174 0.0044 0.51 195 10.3 
earing No. 2: 3 my 3in.; c/d = 0.0025 (avg); p = 220 psi; W = 1980 lb; N = 9000 rpm; At = 30 F; Trim = Tout + 2 F; 6 = 3. “2 Btu per 
gal per, deg F; Q = 116 f, Eqs. [4] 
150 180 200 9.5 0.0085 165 16.7 1.01 
165 195 7.7 315 0.0071 12 3 180 0.65 
Dense 210 ; 6.4 252 0.0059 1.03 195 0.43 
earing No. 12: 61/qin. by 8 in.; Py = 0.002 (avg); p = per dew = 13,800 lb; N = 3600 rpm; At = 15 F; Trim = Tout. . 5 F; 6 = 3.46 Btu per 
150 165 170 15.4 0.00 157.5 18.3 2.86 
165 180 185 11.8 154 0. 0048 0. : 172.5 14.9 1.88 
180 195 200 9.5 124 0.0041 8.3 187.5 11.2 1.22 
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the average of the inlet and outlet temperature; this, with f, 
was entered into Figs. 4 and 5 and compared with the corre- 
sponding curves. The procedure is given in Table 2 of this 
discussion. 

It was found that the six points obtained in Fig. 5 and the 
three entered in Fig. 4, were very close to the 220-psi and 276- 
psi curves, respectively. In fact, the deviation was of the same 
order as that of the points plotted by the authors. 

It might be suggested that the authors supplement the paper 
with a table giving the test data, p, tin, tour, N, and Q, pertaining 
to the points plotted in Figs. 3, 4, and 5. This would help 
engineers to interpret the tests to suit themselves. This complete 
record would enhance the usefulness of the contribution. 

The authors and their Company should be congratulated on 
the publication of really valuable test data; those who work in 
this field realize the amount of time and effort represented by the 
reported experiments. 


F. Nacuer.® The authors’ presentation is extremely com- 
mendable, combining, as it does, basic analyses of the factors 
inherent in the successful lubrication and operation of bearings, 
the correlation of various test programs, and even the inclusion 
of practical mechanical details such as the nature of the groov- 
ing. 

It would be of further particular interest to have comments 
on the length of the bearing. Fig. 2 of the paper, shows a length 
slightly greater than the diameter. At what point of length- 
to-diameter ratio does the self-aligning feature cease to become 
operative? For example, it is rather difficult to imagine a 
bearing of a length equal to one half the diameter of the shaft 
having a very effective self-aligning feature. At some point 
where this occurs, there must be such high pressures at one end 
of the bearing as to make average figures of pressure distribution 
rather fictitious. 

If the total flow of oil to the bearing Q is large in comparison 
to that which is actually effective between the bearing surfaces, 
is it not fair to assume that the excess oil is merely a cooling 
medium, more or less inefficiently supplied to the bearing housing 
and having very little to do with the bearing itself? If such is 
the case, is it not a little out of order to use the total Q, as is done 
in the text immediately below Fig. 2, as a basis for a study of 
the bearing action itself? 

Some comment by the authors would be of interest as to the 
effect of water cooling in practical application of the design data 
presented. Is it not possible to obtain very much more effective 
cooling by circulating a cooling medium directly in the shell 
itself, than by cooling the oil which goes over and around that 
shell? 

Comparison of some of the old rules of some methods as, for 
example, requiring water cooling when the heating factor (pres- 
sure per square inch X velocity) is above 50,000 and not re- 
quiring it when the heating factor is below, say, 25,000, with 
intermediate determinations based on the duty in question, 
would be of interest from the standpoint of the authors’ analysis. 
This suggestion is ventured rather diffidently in the full realiza- 
tion that mentioning such rules, against the background of the 
authors’ analysis, places the writer in a decidedly vulnerable 
position. 

All users of bearings, high-speed and otherwise, will be par- 
ticularly grateful to the authors for their excellent presentation. 


8. J. Nezps.“ In its present stage of development journal- 
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bearing theory is not complete, hence the necessity for tests. 
Even if not entirely satisfactory, however, it has been found that 
theory generally gives power losses in fair agreement with actual 
conditions. For this reason, the writer was impressed by the 
apparent discordance between theory and test results, indicated 
by the lack of agreement between the curves in the authors’ 
Fig. 14. Here, the disagreement is of the order of 100 per cent, 
the upper curve in each group indicating power losses about 
twice as great as the lower curve. 

Perhaps the reason for this is the basis upon which the com- 
parisons are made. The authors’ tests were made with a loaded- 
bearing are of 120 to 130 deg, and a cap, presumably of equal 
arc, with grooves of various widths and depths. A fair approxi- 
mation to total useful bearing area might be 50 per cent that of 
a 360-deg bearing of similar size. Various clearance ratios were 
used in the tests and, in each bearing, the clearance ratio was 
less in the vertical than in the horizontal diameter. Among 
others, these bearings are compared with (a) 360-deg bearings 
assumed to be so lightly loaded that the shaft runs exactly in 
the center of the bearing, and (6) a 120-deg bearing without a 
cap, running under optimum friction conditions. Since the 
assumed load of 150 psi is relatively light, it is quite likely that 
at higher speeds the assumption of concentric running is justified. 
Hence, a comparison under (a) should be made for equal bearing 
areas and equal clearance ratios. Since the eccentricity is small, 
comparison under (b) should not be made at the optimum 
eccentricity ratio, which for the case in point is 0.612. The 
clearance ratio also enters this picture, although it has been 
neglected in the authors’ Equation [21]. 

It was interesting to note that power loss varies with the 
quantity of oil supplied to the bearing. In lightly loaded 
bearings the power loss is closely proportional to the mean film 
viscosity. Increase in oil supply results in better cooling, thus 
increasing the mean film viscosity. From this point of view the 
addition of Q to the parameter ZN/p might be unnecessary, 
since, presumably Z represents mean film viscosity. 

Experimental data on power losses in high-speed journal 
bearings are seldom found. The authors are to be congratulated 
on their practical contribution. 


F. W. Kavanacu."’ This paper is a definite contribution to 
our knowledge of journal-bearing lubrication, and will be of real 
value both to designing and lubrication engineers. The ex- 
tremely high speeds used and the practical commercial bearing 
sizes employed add both to the interest and the value of the 
paper. 

The authors have introduced a new function ZNQ/p, which is 
shown by their data to have greater utility than the function 
previously used ZN/p. It is of interest that ZNQ/p versus f 
forms straight-line curves with logarithmic coordinates, whereas, 
to obtain a similar correlation of ZN/p versus f, most investi- 
gators have employed rectangular coordinates. However, the 
authors state that they obtained a straight-line relationship on 
log-log paper by plotting f versus ZN/p at each value of unit 
pressure. 
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On the basis of dimensional analysis the expression f = K ~ 
can be balanced as follows 
F MLT-? 
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M = mass 
L = length 
T = time 


On the other hand, if Q is included, the dimensions of f would be 
MLT~-?/T = ML/T-*. However, it is obvious from the charts 
presented that the data obtained correlate well with the ZNQ/p 
variable and this is considered of greater importance than any 
theory. 

It is difficult to explain why Q, the quantity of oil supplied to 
the bearing, should have an independent effect on the friction 
or power loss. If we assume that, for all operating conditions 
used, or in other words for all values of Q, the bearing was com- 
pletely filled with oil, then additional oil would influence only 
the end effects. If, however, the bearing were not completely 
filled, additional oil would tend to increase the amount of oil 
in the bearing and increase friction by increasing the amount of 
shearing of the oil film. 

It can also be theorized that, under the very high operating 
speeds employed, the oil flow in the bearing does not follow the 
usual pattern of viscous or laminar flow. In this case, changes 
in quantity of oil supplied to the bearing could easily influence 
the amount of turbulence and therefore affect friction directly. 
Any explanation that the authors could supply regarding 
reasuiis why Q, the quantity of oil, should influence friction would 
be of interest. It might also be well to mention the limits of 
application of the formulas including Q, because they would not 
be suitable for a bearing that operated with an intermittent oil 
supply or for long periods with no additions of oil. 


H. M. Orro.* The authors are to be complimented for their 
presentation of important original data and novel form of power- 
loss formula. 

This formula (in terms of horsepower) 


HP = 3.77 X 107-3 d!- [9.5 (N/1000)!.43 Z9.43 [22] 


is convenient. where the flow Q has already been measured or 
fixed. 

However, the following form may be derived whjch may be of 
greater convenience when the designer wishes to determine the 
loss for a given temperature rise. 


HP @ 


Where SS is the specific heat of the oil in Btu per gallon per deg 
F, M.T.D. and At the temperature rise, deg F. Substituting 
Equation [23] in Equation [22], inserting the proper constants, 
and solving, we obtain 


HP = 0.94 X 10-3 d2.72 [9.986 (S At) ~ 9.758 


Equation [22] may be occasionally difficult to manipulate due 
to the interdependence of the variables Z and Q. Further 
experimentation may divulge, however, a form of equation free 
from this difficulty, such as taking Z at the inlet or outlet condi- 
tions. 


J. F. Sprece..'® The authors mention the theoretical formula 


ZN 

follows that, for a bearing of given geometrical conditions, the 
coefficient of friction f is a direct function of the term ZN/p, 
which means that, for all operating conditions of a given bearing, 


f= ) derived by Hersey. From this formula it 


“Turbine Engineering Department, Control Section, General 
tric Company, Schenectady, N. Y. Jun. A.S.M.E. 
"Design Engineer, Kingsbury Machine Works, Inc., 

delphia, Pa. 
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the values of f can be represented by a single curve. Experi- 
mental investigations, as for instance those by the McKee’s” 
have shown that under conditions of perfect lubrication this 
actually is the case, the deviations being within reasonable limits. 

In the light of these facts, it seems somewhat surprising that 
the data for f, as found by the authors, vary widely for given 
values of ZN/p being evidently influenced by changes of the 
unit pressure p and the rate of oil supply Q. 

For this apparent contradiction to the theoretical conclusions 
an explanation can be offered in the opinion of the writer. As 
stated by the authors, the values of the mean operating viscosity 
have been based on the average of the inlet and outlet tem- 
peratures of the oil. A closer examination of the operating con- 
ditions, however, reveals that the inlet and outlet temperatures 
alone do not give sufficient indication of the actual temperature 
of the film. 

In all test cases, the oil is fed to the upcoming side of the 
journal. As soon as it enters the axial groove alongside the 
journal, a mixture takes place with the hot oil discharged from 
the loaded section of the bearing. This mixture of hot and 
cold oil travels through the top half, being further heated up due 
to the friction losses there, and then reaches the longitudinal 
groove on the downgoing side. Out of this groove the journal 
draws in a certain amount of oil, the remainder being discharged 
to the outlet pipe. During the travel through the loaded section 
a certain percentage of the oil is squeezed out through the ends 
of the lining due to side leakage. 

From the foregoing, it follows, not only that the average quan-. 
tity of oil flowing through the loaded section is as a rule much 
smaller than the gross quantity of oil fed to the bearing, but also 
that the effective supply and discharge temperatures are neces- 
sarily much higher than the temperatures measured. Conse- 
quently, the actual mean operating viscosity in the loaded section 
is considerably smaller than that derived by the authors. 

The exact calculation of the mean operating temperatures 
encounters considerable difficulties due to the complex interrela- 
tion of all the variables in question. It is, however, possible to 
make some approximations which simplify the calculation with- 
out involving serious errors. Preliminary studies in this 
direction have been made by the writer and, if the viscosities 
derived hereby are introduced into the term ZNQ/1000p then 
also the theoretical curves show variations of f due to changes 
of the unit pressures, and the values of f approach fairly closely 
the experimental results found by the authors for given operating 
conditions. Of course, when plotting f directly versus ZN/p a 
single curve is obtained irrespective of the variations of Q and p. 
Thus, it is proved that also in the case of high-speed bearings, the 
simple theoretical relations hold true. 

It is readily admitted that the empirical formula developed 
by the authors is of great usefulness in most practical cases; 
however, it is felt that in extreme cases it will be advisable to 
resort to thorough theoretical studies in order to gain a clear 
picture of the actual working conditions. A correct determina- 
tion of the actual minimum thickness of the oil film, which is a 
criterion of the safety of the bearing, is not possible without knowl- 
edge of the actual average viscosity of the oil. 

In this connection it is suggested that, in future experimental 
investigations of high-speed bearings, measurements be taken 
also of the temperature of the bearing lining inside the loaded 
section by means of thermocouples or other suitable instruments. 


~The Effect of Running-In on Journal-Bearing Performance,” 
by S. A. McKee, Mechanical Engineering, vol. 49, 1927, pp. 1335- 
1340. 

“Friction of Journal Bearings as Influenced by Clearance and 
Length,”” by S. A. McKee and T. R. McKee, Trans. A.S.M.E., vol. 
51, 1929, paper APM-51-15, pp. 161-166. 
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Such data would be of help in verifying the results of theoretical 
studies. 


C. 8. L. Roprnson.?!_ The authors have confirmed the fact 
that the quantity of oil supplied to a bearing affects the power 
losses. It might be pointed out, however, that an analysis of 
the results can be made in terms of dimensionless groups. 

Retaining the original nomenclature, assume L = ¢(Q, p, Z, 
N, d, t, ©). 

The specific weight of the oil is not included. This assumes 
that not much work is done in lifting the oil from a lower level 
to a higher one, and that the kinetic energy of the oil is not 


f 
0.060 


1000 2000 3000 
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Fic. 15 oF FRICTION FOR SQUARE BEarines (I/d = 1) 
FOR LARGEST AND SMALLEST VALUES OF Q/Nd* TEesTED 


important. There may be energy expended in pumping oil 
against a pressure change, but this depends upon the volume, 
not the weight, of oil flow. This precludes the possibility of a 
Reynolds number criterion. 

Applying the pi theorem of dimensional analysis 


L = constant X pNd*¢(Q/Nd*, ZN/p, c/d) or 
= ¢(Q/Nd*, ZN/p, ¢/d) 


The new dimensionless group*? Q/Nd*, might be called the 
“specific oil flow” or the “specific quantity of oil.’’ It is interest- 
ing to compare it with the dimensionless source strength used by 
Muskat and Morgan** 


go = 3ZQr?/xc?W which can be factored into 
go = constant X 


Furthermore, the test results obtained by the authors are 
consistent with those given by Muskat and Morgan, where 
(r/c)f was plotted against (r/c)* ZN/p for various values of qo. 

The accompanying curve Fig. 15 shows the approximate mag- 
nitude of the effect of Q/Nd? on the coefficient of friction. This 
is based on some of the authors’ original data for a 3 X 3-in. 
bearing and a 4 X 4-in. bearing. 

The writer is indebted to the authors for permitting the use 
of their results in the foregoing discussion. 


L. M. Ticuvinsky.* The writer is greatly interested in this 


21Gear Engineering Department, General Electric Company, 
River Works, West Lynn, Mass. Mem. A.S.M.E. 

22 Reference (4) of paper, p. 84. 

23 “The Thick-Film Lubrication of Full Journal Bearings of Finite 
Width,” by M. Muskat and F. Morgan. Trans. A.S.M.E., vol, 61, 
1939, p. A-117. 

24 The units of ZN/p are centipoises X rpm/psi; and those of 
Q/Nd3 are gpm/rpm X (in.)3. 

2% U.S. Naval Engineering Experiment Station, Annapolis, Md. 


TRANSACTIONS OF THE A.S.M.E. 


OCTOBER, 1941 


paper because of a similar experience of testing a high-speed 
bearing which was described in a previous paper.”® 

Under the heading, “Effect of Top-Half Grooving on Loss,” 
there is a statement which, if substantiated, seems of importance. 
It is: “The effect on the power loss was not measurable in these 
tests, the reason for this being that a vacuum occurs over a 
large portion of the upper half.” Did the authors measure this 
vacuum and if so what figures have they obtained? The losses 
in the upper half which is not carrying any load must not be over- 
looked especially if the width of the upper shell groove is ?/; that 
of the bearing length, as mentioned in the paper. In an endeavor 
to segregate the upper-half and relief losses from the lower-part 
losses, the following was done in the case of the 7 X 10'/.-in. 
bearing under 202 psi pressure at 3600 rpm: 

For various oil viscosities and a flow of oil of 7.5 gpm the losses 
were calculated separately for the two 90-deg reliefs, the upper 
half and the lower half.27. The average relief clearance was 
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OTAL, MEASURED 
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TOTAL ,CALCULATED 
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LOSSES IN KILOWATTS 


UPPER HALF, CALCU 


RELIEFS 


Fic. 16 DisrriputTion oF Losses In A 7 X_ 10!/9-IN. Hicu- 
SPEED BEARING 
(Z = [15 — 22] centipoises; N = 3600 rpm; P = 202 psi; Q = 7.5 gpm.) 


taken from the bearing drawing. The clearance in the upper 
half was calculated by figuring the minimum oii-film thickness 
in the lower half and subtracting it from the total diametral 
clearance. On the curve, Fig. 16 of this discussion, the total 
calculated losses, composed of losses in reliefs, upper half and 
lower half are compared with losses measured during tests. It 
is seen that the difference between the measured and calculated 
losses is greater for higher values of ZN/P. The individual 
losses also increase with speed. In the case of the bearing tested, 
the calculated losses in the upper half and in the reliefs represent 
each about 20 per cent of the total losses so that the losses in the 
lower half amount to 60 per cent of the total bearing losses. 


26 ‘Tests of a 7 by 10!/2Inch Bearing at 3600 Rpm,” by L. M. 
Tichvinsky, Trans. A.S.M.E., vol. 60, 1938, pp. 393-397. 

2 For the method of calculation refer to: ‘Journal Bearing Per- 
formance,” by R. Baudry and L. M. Tichvinsky, Trans. A.S.M.E., 
vol. 57, 1935, p. A-121. ‘ 
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C. D. Witson.* In their paper, the authors take into account 
the quantity of oil flowing through the bearing. This is an 
important factor which has been long neglected in calculating 
bearing power losses. Over 2 years ago, the writer conducted 
many power-loss tests on high-speed bearings. One of the 
first things noticed was the considerable effect that the oil flow 
had upon the power loss. When the test data were plotted in 
the conventional manner (i.e.,; coefficient of friction as a function 
of ZN/p), it was found that a separate and distinct curve was 
obtained for each rate of oil flow to the bearing. 

In large high-speed turbine bearings, more oil is usually cir- 
culated than the minimum required for stable operation. This 
is done in order to provide a large factor of safety and to keep 
the operating temperatures within the limits of current practice. 
Much of the excess oil supplied to the bearing spills out the ends 
without passing through the load-carrying portion of the bearing. 
When the oil flow to the bearing is changed, a greater or less 
percentage of the oil is by-passed in this way. This undoubtedly 
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results in a different temperature distribution inside the bearing 
for each rate of oil flow and makes the determination of the 
mean viscosity of the oil film extremely difficult. The authors 
in their paper have taken this into account by modifying the 
viscosity value of the oil at the average bearing temperature by 
the actual oil flow in gallons per minute. The writer, in corre- 
lating his own test data, found that the relation f = ¢(ZN/p) 
agreed well with the test results when the viscosity Z was ex- 
pressed as the ratio of the oil-outlet viscosity Z, divided by the 
square root of the oil-inlet viscosity Z,. By expressing the vis- 
cosity term as a function of both the inlet and outlet viscosities, 
the temperature rise in the bearing is taken into account, and 

*Steam Turbine Engineering Department, Allis~-Chalmers Manu- 
facturing Company, Milwaukee, Wis. Mem. A.S.M.E. 


test results obtained with different oil flows were found to be 
consistent for the same bearing. 

In order to check test data obtained with bearings of different 
diameters and loads, however, it was found necessary to modify 
further the ZN/p relation by multiplying it by the diameter d 
and by omitting the unit load p. This resulted in the empirical 


relation 
Z,Nd 
V2, 


Test data showing this relation for two different types of 
bearings are shown in Fig. 17 of this discussion. One curve 


| 1-LYNN TEST 
2-ALLIS-CHAL- 
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Fic. 18 Comparison or Lynn Beartne Test WitH ALLIs- 
CHALMERS BEARING TEST 


(p = 150 psi; Z = 13 centipoises.) 


shows the relation for bearings with a groove cut in the top half 
of the bearing and the other curve shows the relation for similar 
bearings without the groove. The test data represent tests on 
twenty-three different bearings, ranging in size from 2'/; in. 
diam X 3'/, in. long, to 17 in. diam X 18 in. long, running at 
speeds between 1500 rpm and 8000 rpm. Oil flows were varied 
from 1.2 gpm in the smaller bearings to over 100 gpm in the 
larger bearings. One series of tests was made on a 12-in-diam 
bearing running at 3600 rpm with various oil flows, ranging from 
16 gpm up to 100 gpm, so as to study the effect of oil flow on the 
power losses. Four different oils having Saybolt Universal vis- 
cosities of 150, 210, 350, and 560 at 100 F were used. 

All of the tests were made on commercial bearings operating 
in standard pedestals as set up for regular shop tests. Power 
losses were determined by the heat-balance method. Inlet and 
outlet temperatures were measured by test thermometers and 
oil flows were measured with positive-displacement oil meters. 
Bearing loads were limited by commercial practice to between 
60 psi and 175 psi. Referring to Fig. 17 of this discussion, it is 
interesting to note the reduction in the coefficient of friction for 
a constant temperature rise and constant speed when a groove 
is cut in the top half of the bearing. For a constant oil flow, 
tests showed that the power loss in a 12 X 12 in. bearing run- 
ning at 3600 rpm was reduced by more than 20 per cent when 
a groove was cut in the top half of the bearing and the bearing 
was retested under otherwise identical conditions. 

The power-loss formula for bearings with a groove cut in the 
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top half, as based on the writer’s test results, is expressed (in the 
notation of the paper for comparison) as follows 


L = 791 10-* x d (% X 
Fig. 18 of this discussion compares the calculated results obtained 
using this formula with the Lynn calculated results for a 30 F 
rise and a viscosity of 13 centipoises as taken from Fig. 14 in 
the paper. 

The comparison shows exact agreement between the writer’s 
results and the Lynn results at 3600 rpm for the 10-in-diam 
bearing, at 5500 rpm for the 6-in-diam bearing, and at 7500 rpm 
for the 3-in-diam bearing. Although the slopes of the two 
curves are different, they show closer agreement with each, other 
than with the other calculated results in Fig. 14 of the paper. 

The writer agrees with the authors in most of their conclusions 
regarding power losses in high-speed journal bearings. Over 
the limited range of unit loads tested, no variation in the value 
of the coefficient of friction with change in load could be de- 
tected. The power loss, however, appeared to vary directly 
with the total load on the bearing. The writer’s tests also 
indicated that the width of the groove in the top half of the 
bearing greatly affected the power loss. This was especially 
true with the larger oil flows which tend to reduce the percentage 
of vacuum in the top half of the bearing. 

It is interesting to note that two independent investigations, 
in which high-speed bearings were tested under a wide range of 
conditions, both indicate that there are additional factors which 
must be considered in order to achieve a closer agreement between 
existing theory and the actual power losses. 


AvuTHORS’ CLOSURE 


In Mr. Needs discussion, he calls attention to the comparisons, 
made in Fig. 14 of the paper, which comparisons are not accurate 
since some of the curves are for optimum conditions, whereas 
others are based upon 150 psi loading. Fig. 19 of this closure, 
makes a comparison of the various formulas based upon a load 
of 150 psi, and an absolute viscosity of 13 centipoises. Regard- 
ing curves 3 and 5 the following assumptions have been made: 


Top half groove Clearance rat io, 


Bearings, in. width, in. mils per in. 
10 x 10 4 1.3 
6 X 6 below 6000 rpm 2 1.3 
6 X 6 over 6000 rpm 2 2 
3X3 1 2 


Norte: Arc of contact: 120 deg for top half, and 120 deg for 
bottom half. 


It is interesting to note the close agreement of Petroff’s funda- - 


mental equation with the results given in the paper at a viscosity 
of 13 centipoises. At other viscosities the agreement will not 
be quite as good. 

In a number of the discussions, the advisability of the use of 
“flow of oil’? through the bearing has been questioned or has 
been favorably commented upon. It is quite possible that the 
flow of oil through the bearing affects other variables so that, if 
the effect were known, it would be possible to disregard the factor 
“flow of oil.” However, so far as the design of bearings for use 
in service is concerned, the question of flow of oil is extremely 
pertinent. Journal bearings are usually designed on the basis of 
supplying a quantity of oil which will allow from 30 to 35 F 
temperature rise as the oil passes through the bearing. A 
vacuum usually exists in the unloaded portion of high-speed 
bearings, i.e., there is insufficient oil supplied to fill the bearing 
completely. Under this condition, it can readily be seen that 
the quantity of oil will increase or decrease the arc in which the 


OCTOBER, 194) 


vacuum exists. A smaller quantity of oil will give vacuum over 
a greater arc. On this basis, we would expect that, as the quan- 
tity of oil increased, the bearing loss would increase due to the 
oil being sheared for a greater arc. 

There is, in general, a misconception as to the quantity of oi] 
which flows through a bearing that operates at high speed. If 
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Fig. 19 Comparison or LYNN Bearinc Test WITH THEORETICAL 
CALCULATIONS 
(P = 150 psi; Z = 13 centipoises.) 


TABLE 3 TEST DATA FOR FIG. 3 OF PAPER 


(Bearing 6 in. X 8 in.; vertical clearance 0.008 in.; horizontal clearance, 
0.015 in.; two 1/is-in. X_ 1-in. circumferential grooves in top half; feed at 
horizontal joint at upcoming side of journal) 


-—Bearing-oil temp, Flow, Load, Speed, 
In Out gpm psi rpm 
Q P N 

214.0 236.5 5.5 355 4800 
219.0 234.0 6.0 100 4800 
219.0 236.5 5.96 200 4830 
216.0 232.0 7.0 200 4800 
210.0 234.5 3.43 200 4800 
212.0 233.0 3.13 100 4800 
213.0 233.0 3. 51 4800 
212.5 236.0 5.0 355 4800 
212.0 236.0 4.7 355 4820 
214.0 255.5 0.97 355 3600 
210.0 237.0 2.2 355 3600 
214.0 236.5 2.73 355 3600 
217.0 235.0 3.88 355 3600 
213.0 247.0 1.50 355 3600 
216.0 231.0 3.97 200 3600 
216.5 234.0 2.69 200 3600 
214.5 242.0 1.50 200 3600 
211.5 233.0 100 3600 
212.0 228.0 2.55 100 3600 
211.0 229.7 1.45 51 3600 
168.5 195.6 6.10 355 4800 
167.0 192.2 7.03 355 4800 
166.5 191.7 5.88 200 4800 
162.5 185.0 7.22 100 4800 
163.5 184.5 7.40 100 4840 
161.5 183.8 7.15 51 4800 
200.5 231.0 3.88 100 6000 
202.8 236.5 4.97 355 6000 
194.5 215.5 9.25 100 6000 
197.5 220.0 9.10 200 6000 
205.0 222.0 5.75 100 4800 
207.5 225.8 5.96 200 4800 
163.2 187.0 5.94 51 4800 
161.9 186.5 5.86 100 4800 
161.0 191.1 3.74 61 4800 
161.0 191.5 3.75 100 4800 
162.0 197.0 3.59 200 4800 
156.0 195.7 4.75 200 6000 
158.3 187. 7.15 100 6000 
158.8 190. 6.97 200 6000 
157.5 185.5 9.09 51 6000 
157.0 184.5 9.00 100 6000 

9 184.0 8.98 200 6000 
155.0 186.8 8.71 355 6000 
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TABLE 4 TEST DATA FOR FIG, 4 OF PAPER 


(Bearing 8 in. X 61/4 in.; vertical clearance 0.01 in.; horizontal clearance 
9.02 in.; 4/se-in. X 11/4-in. diagonal groove in top half; feed at horizontal 
joint at upcoming side of journal) 
-—Bearing-oil temp, F— 
I Ou 


5 
5 
5 
.0 
7 
5 
.0 
5 
.0 
.0 
2 
5 
5 
0 
8 
8 
0 
0 
0 
0 
0 
.0 
8 
5 
0 
4 
8 
0 
6 
5 
0 
0 
2 


oo 


we assume that the film thickness at the point of maximum 
loading for a 6 X 6-in. bearing when running at 3600 rpm is 
3 mils, there will be 2.65 gpm passing between the journal and 
the liner in the loaded portion. This quantity of oil fed to the 
bearing will give a temperature rise of 21 F if the average vis- 
cosity of the oil is 13 centipoises. If the quantity of oil is reduced 
so as to allow for a 30-deg temperature rise, it can readily be seen 
that the amount of oil which will be fed to the lining will be such 
as to allow it to pass through the loaded portion of the bearing 
More than once before being discharged. In this respect, it is 
expected that the average between the inlet and outlet tem- 
perature will not be greatly different from the average film 
temperature. 

Mr. Tichvinsky questions the magnitude of the vacuum which 
occurs in the top half of the bearing. Measurements of 10 to 
20 in. Hg have been obtained on 8-in. and 10-in. bearings run- 
ning at 3600 rpm. 

Mr. Nagler asks: “At what point of length-to-diameter ratio 
does the self-aligning feature cease to become operative?” There 


is no specific answer that can be given to this question due to the 
fact that the self-aligning feature of the bearing is dependent upon 
the pinch fit between the lining and the bearing housing. We 
have had successful operation with the effective length of the 
bearing equal to 75 per cent of the diameter. 

Mr. Nagler’s question in regard to water cooling of bearings is 
one which undoubtedly raises points of controversy among 
engineers. In general, it is more difficult to babbitt a lining with 
water-cooling coils in it. There is greater likelihood of having 
the babbitt crack with cooling coils than without. A greater 
quantity of babbitt is required with cooling coils than without 
and, if cooling coils break, water usually gets into the lubricating 
system and may cause very serious results. 

Most designers of high-speed apparatus have gotten away from 
the use of cooling coils and are using a sufficient flow of oil through 
the bearings to limit the temperature rise. The oil is passed 
through an oil cooler in order to maintain a constant inlet tem- 
perature to the bearings. 

It is gratifying to note that the results of Allis~Chalmers tests 
conducted by Mr. Wilson have agreed with our results as closely 
as they have. Our data for a given bearing when plotted in the 
form illustrated in Fig. 17 are not properly represented by a 
single curve. Term f will vary 100 per cent for constant values of 
(Z:N)/(1000 +/Z;). A visual inspection of Fig. 17 shows a 
variation of 30 per cent between the various test points. This 
undoubtedly is not due to the running of tests but rather due to 
the method of presentation. 

In accordance with Mr. Kerster’s request, we are presenting a 
portion of the test data for the points plotted in Figs. 3, 4, and 
5 of the paper in Tables 3, 4, and 5, respectively. 


TABLE 5 TEST DATA FOR FIG. 5 OF PAPER 


(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance, 
0.009 in.; '/s:-in. X 15/4-in. circumferential groove over the top half; 
is on the horizontal joint on upcoming side of shaft) 
In ut gpm psi 
Q P 


OM 


(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance, 
0.009 in.; no groove in top half; oil feed to both sides at horizontal joint) 


(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance 
0.015 in.; 1/s-in. X 1%/s-in. circumferential groove over the top half; f 
is on the horizontal joint on upcoming side of shaft) 


Newer 


: 
he 
oil th ts Q P N se 
If 213 235 17 130 4800 ee 
221 239 90 130 4800 
218 236 18 60 4800 
213 234 02 60 4800 
78 500 4800 
212 235 70 500 4300 
213 235 95 500 4800 
213 239 46 500 4800 
213 238 50 500 4820 
216 241 36 500 4800 
223 250 38 500 4850 
214 229 93 130 3560 
215 229 95 130 3600 
222 239 88 130 3600 
211 234 75 60 3600 
213 229 90 60 3600 
214 228 06 60 3600 
168 202 27 500 4800 
169 198 63 500 4800 
167 205 34 500 4800 aa oe 
167 193 62 276 4800 
166 197 20 276 4800 
162 191 52 130 4800 
208 218 20 60 3600 
180 195 90 60 3600 Ape 
201 215 10.10 130 3600 
210 225 10.20 276 3600 ye 
210 223 7.15 60 3600 
212 228 6.94 130 3600 
219 237 6.82 276 3600 
206 226 9.98 60 4800 
205 226 10.20 130 4800 awe 
208) 231 9.89 276 4800 
163 190 10.20 60 4800 
163) 193 10.00 276 4800 
166 199 9.83 500 4800 
162 202 5.70 276 4800 
160 204 5.83 500 4800 
AL 167 185 8.30 60 3600 
161 is1 3:14 130 3600 
163 184 8.90 276 3600 
16] 185 3.65 500 3600 
16 181 11.20 276 3600 
16: 182 10.88 500 3600 
15 188 5.57 500 3600 
15 187 5.64 276 3600 
a 16 183 8.62 130 3600 
15 199 7.79 60 6000 161 7900 tS aes 
15 198 8.33 130 6000 165 "8050 
153 204 7.52 500 6000 169 8050 
15 198 8.50 276 6000 152 3000 
15 191 11.00 60 6000 159 7900 
15 194 11.00 130 6000 151 7900 
15 197 10.75 276 6000 171 $150 
19 11.10 500 6000 165 7900 
15 1 15.70 60 6000 163 8000 
15 18 16.05 130 6000 161 3000 
15 189 16.05 276 6000 160 12000 ET oe 
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In this paper, results are given of a preliminary study of 
the rate-of-shear versus shear-stress relationship for sev- 
eral oils known to undergo apparent solidification when 
subjected to high pressure. Lard, rapeseed, sperm, and 
one mineral oil were tested under a temperature range of —5 
C to 20 C while subjected to pressures up to 50,000 psi. 
Experimental curves of flow versus pressure difference were 
obtained for capillary flow, and these curves were trans- 
formed mathematically to the desired curves of rate of 
shear versus shear stress. A brief discussion of some of 
the problems inherent in capillary testing of plastic ma- 
terials is included in this report. 


FOREWORD BY M. D. HERSEY‘ 


HE following contribution is one of a series of investi- 

gations on the properties of lubricants under high pressure, 

conducted by the Special Research Committee on Lubrica- 
tion of the Society. These studies were begun at Harvard Uni- 
versity in 1915, and reported in various publications dating from 
1916. They were more completely outlined in a paper by Henry 
Shore and the writer at the Annual Meeting of the Society in 
1927 (1),5 and in a joint paper with R. F. Hopkins (2). 

A phenomenon cautiously termed “apparent solidification,” 
produced by increasing the pressure on a lubricating oil at con- 
stant temperature, was briefly described in the first of these two 
papers. Future experiments were recommended in order to de- 
termine the flow or shear characteristics of the lubricant—in a 
word, its consistency—while in that condition. Is it a hard solid 
like that formed by the freezing of water into ice, or a soft jelly 
more like an oil at its pour point? And how does its consistency 
vary when the pressure is increased well beyond the critical value 
for solidification? 

This phenomenon was confirmed by Robert Kleinschmidt at 
Harvard (3) and by Yoshio Suge in Tokyo (4). Shore found an 
empirical relation connecting solidifying pressures with tempera- 
tures (5), while Cragoe discussed the question theoretically in 
the light of Clapeyron’s equation (6). It remained for Professor 
Norton, assisted at the start by Knott and later by Muenger, to 
carry through the first quantitative measurements. 

It appears that castor oil and naphthene-base mineral oils 
have not been solidified by pressure, and that the only lubricating 
oils for which pressure solidification has been reported are lard, 


1 Late Gordon McKay Professor of Applied Mechanics, Harvard 
Cambridge, Mass. Mem. A.S.M.E. Deceased, February 

, 1940. 

*Brown & Sharpe Manufacturing Company, Providence, R. I. 
Jun. A.S.M.E. 

* Assistant in Mechanical Engineering, Harvard University, Cam- 
bridge, Mass. 

‘Research Director, Morgan Construction Company, Worcester, 
Mass. Fellow A.S.M.E. 

5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Ta American Society oF MECHANICAL ENGINEERS. 
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understood as individual expressions of their authors and not those of 
the Society. 
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Flow Properties of Lubricants 


Under High Pressure 


By A. E. NORTON,' M. J. KNOTT,? anv J. R. MUENGER® 


horse, rapeseed, whale (including sperm), mineral oils contain- 
ing sufficient paraffin wax, and compounded oils. We may add to 
this list crude petroleum, oleic acid, and any pure substance whose 
freezing points have been determined under pressure. 

The experiments to be described constitute a preliminary phase 
of the project. They are reported at this time to provide a record 
of the work accomplished under Professor Norton’s supervision. 
The report was compiled by Mr. Muenger in consultation with 
Mr. Knott and others concerned. Through the courtesy of Dean 
Westergaard and Professor Den Hartog of the Graduate School 
of Engineering, Harvard University, arrangements have been 
made for the continuation of the research for a limited period. 

The principal difficulties outstanding are due to the relatively 
large pressure differences thus far employed in the observations 
of capillary flow, and to the further fact that the lubricant under 
test is neither unworked nor completely worked but is in some 
intermediate, undefined, partially worked condition. In spite of 
these uncertainties, the progress report at hand reveals the order 
of magnitude of the effects in question, thus providing a first 
approximation to the data required. These results are given in 
absolute units, with rate of shear plotted against shearing stress, 
in the last four diagrams of this paper. 

Professor Norton believed that such investigations are of edu- 
cational as well as scientific and industrial value. This will be 
evident from the closing paragraph in his discussion of a recent 
paper on “Teaching Lubrication” (7): 

‘Any graduate course should aim not only to prepare engineers 
for advancing the science and art of lubrication but also to 
give these men a unified knowledge of materials. If properly 
taught, the subject of lubrication can be allied with the study 
of elasticity and plasticity, especially with the latter, since 
the rate of shear is an important feature of both liquids and 
plastic materials,” 


INTRODUCTION 


What is perhaps the most important characteristic of a lubri- 
cating material can be defined by the relationship between the 
shear stress S, applied to the material and the resulting rate 
of shear R. For example, a Newtonian liquid is a material whose 
shear behavior can be represented by a straight line passing 
through the origin. Its viscosity S/R and fluidity R/S are con- 
stant at all values of shear stress for any given pressure and 
temperature. Most lubricating oils at ordinary pressures and 
temperatures have this type of graph. 

Other materials which may be represented by a nonlinear 
curve, passing through the origin, are known as non-Newtonian 
liquids. Rubber suspensions fall into this class. Yet other ma- 
terials whose graphs have intercepts on the axis of shear stress 
are known as plastic solids. They require an initial value of shear 
stress known as the “‘yield” shear stress Sp to start the flow. If 
the plastic solid has a straight-line relationship, it is known as a 
Bingham solid and can be represented by two parameters, its 
yield shear stress Sp and “mobility” R/(S — So), which is analo- 
gous to the fluidity of liquids. 

Typical curves for these various types of materials are indi- 
cated in Fig. 1. There are other definitions of ideal materials and, 
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generally speaking, the more parameters in the definition, the 
more general the definition is. 

The influence of pressure on viscosity is well known and has 
been the subject of previous investigations. These investigations, 
however, were concerned mainly with oils as Newtonian liquids, 
and properties beyond the point of apparent solidification were 
not investigated. Other researches studied greases which, of 
course, are initially plastic solids. Thus there is a gap in our 
knowledge of lubricating materials which may hinder a better 
understanding of lubrication in cases where high local pressures 
materially alter the nature of the lubricant. The action of an oil 


RATE OF SHEAR 


SHEAR STRESS 


Fic. 1 Swear CHARACTERISTICS OF VARIOUS TYPES OF MATERIALS 


film in gear teeth and the effect of surface irregularities upon thin 
oil films are two cases which at present are not well understood. 

The purpose of this project was to investigate the properties 
of certain lubricants at or near the condition of apparent solidifi- 
cation, due to physical conditions. An attempt has been made to 
determine the characteristics of these lubricating oils which are 
normally liquid but which may become stiffer due to high pressure 
or low temperature singly or in combination. These characteris- 
tics of the oils may be indicated by curves similar to those of Fig. 
1, by tabulation of yield shear stress and mobility in the case of a 
Bingham solid, or by a mathematical statement of the relation- 
ship of rate of shear to shear stress. 


Data on O1ts aT ATMOSPHERIC PRESSURE 


For the preliminary studies covered by the present report, 
four oils were chosen that were known from previous investiga- 
tions to be subject to apparent solidification under high pres- 
sure, namely, lard, rapeseed, sperm, and Veedol medium 
(SAE 30). Specific gravities and viscosities are given in Table 1. 


TABLE 1 PROPERTIES OF TEST OILS AT ATMOSPHERIC 
PRESSURE 


Specific gravity, ———S.U.V.— 
Oil 60/60 F 100 F 210 F 
Lard 
Ra 


Sperm 
Veedol medium 


Viscosity in pound-seconds per square inch (reyns) may be 
found from the viscosity in centipoises upon dividing by 6.9 X 
10°. 

The lard oil is Swift’s No. 2, the rapeseed and sperm oils were 
purchased from the Mardin Wild Corporation, Somerville, Mass., 
in 1938, while the Veedol medium was purchased in the usual 
sealed can in 1939. 

Two of these oils, rapeseed and lard, were tested at atmos- 
pheric pressure using a Bulkley and Bitner consistometer loaned 
by the National Bureau of Standards. These tests were conducted 
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in order to learn whether such oils are noticeably thixotropic and 
to measure their viscosity, or other consistency constants at low 
temperatures in a thoroughly worked condition. 

The consistometer is well described in a paper by Bulkley and 
Bitner (8), and it is sufficient to say here that it is an instrument 
which measures the rate of flow through a capillary produced 
by a small pressure difference. The material tested may be 
either liquid or plastic, and provision is made for working the 
material previous to the test. The apparatus is well adapted for 
repeating tests quickly, since the only observation necessary 
for the test is the timing of a standard travel of a mercury column 
which indicates the displacement of the material tested. The 
pressure difference and bath temperature are kept constant dur- 
ing repetitions, and the material tested remains in the apparatus. 
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Fie. 3. Frow Curves ror RapesEeD O1L aT ATMOSPHERIC 
PRESSURE 


Tests were made on rapeseed oil at 5 C and at 0.1 C and upon 
lard oilat 15C and 10 C. An average of eight passages through 
the capillary were timed for each plotted point. This was done 
in view of the impossibility of obtaining close agreement on in- 
dividual runs at the lowest rates of shear. The data of these 


TABLE 2. DIMENSIONS OF TEST CAPILLARIES 


Data Internal 
Temp, plotted Length, diam, 
Test material Cc in Fig. cm 


Lard oil 
Rapeseed oil 


Rapeseed oil 
Rapeseed oil 
Sperm oil 
Sperm oil 
Sperm oil 
Sperm oil 

Lard oil 
Veedol medium 


Apparatus 

Bulkley and Bitner 
consistometer 
(atmospheric 
pressure) 

Long 
capillary 
(high pres- 
sure) 

Two capillaries 
in series 
(high pres- 
sure) 
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tests 
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tests are plotted in Figs. 2 and 3. The dimensions of the test 
capillaries which were used in this project are given in Table 2. 

In the case of lard oil, it was found that when the tempera- 
ture was low enough to cause apparent solidification, the time 
necessary for a certain amount of flow decreased with successive 
passages up to a certain point. That is, the lard oil was un- 
questionably thixotropic. 

From Figs. 2 and 3 it appears that both rapeseed and lard oil 
are slightly non-Newtonian, but not plastic at the temperatures 
for which the curves are drawn. Knowing the dimensions of the 
capillary (length 7.54 cm, radius 0.0815 cm), it is possible to com- 
pute the viscosities at low rates of shear. Corresponding to 
pressure differences not exceeding 1 psi, the viscosities are for 
lard oil at 15 C, 120 centipoises, and at 10 C, 210 centipoises; 
for rapeseed oil 240 centipoises at 5 C, and 360 centipoises at 
0.1 C. 


HicuH-PressurE Tests WitH a SINGLE CAPILLARY 


In proceeding to work at high pressure, apparatus formerly 
used by Hersey and Snyder (9) was employed. This apparatus 


BOURDON PRESSURE GAGE 
LONG TEST CAPILLARY 


INTENSIFIER 
RESERVOIR 


Fie. 4 DiaGram oF APPARATUS FOR LoNG-CaPiILLARY TESTS 


forces oil through a long capillary. The pressure is high at the 
inlet, dropping gradually to atmospheric pressure at the outlet. 
A diagram of the apparatus is shown in Fig. 4. The procedure is 
to time the flow of a sample of oil while the inlet pressure is held 
steady by the pump. The sample is then weighed and the re- 
sults reduced to curves of rate of flow versus inlet pressure. A 
series of tests has been run on castor oil with pressures up to 
50,000 psi and with temperatures ranging from —10 C to 20 C. 
These tests check the previous findings that castor oil does not 
solidify within this range and indicate that the apparatus is 
capable of reproducing tests to a fair degree of accuracy. 

The next tests were conducted upon sperm oil and rapeseed 
oil at temperatures in the neighborhood of 0 C. Results of these 
tests are shown in Figs. 5, 6, 7, and 8. These tests showed defi- 
nite solidification and revealed that the time of application of 
pressure had a marked effect upon the consistency. 

In this work with the long test capillary, the pressure was 
held for a given period of time before beginning a run. Im- 
mediately after a run, the pressure was stepped up 2500 psi and 
the procedure repeated. In the case of rapeseed oil, it was found 
that flow slowed down at 25,000 psi and stopped at 35,000 psi 
when a 10-min period was used. However, when the pressure 
was held constant for longer periods, the stoppage of flow, indi- 
cating solidification, occurred at lower pressure, e.g., when the 
Pressure was held for a period of 2 hr, stoppage of flow occurred 
at 20,000 psi. This time effect is clearly shown in Fig. 5 where 
curve 1 represents a 2-hr application of pressure for each point; 
curve 2 a 30-min application; curve 3 a 10-min application; 
curve 4 a 10-min application, with the series of runs starting at 
20,000 psi; and curve 5 a 10-min application, with the series of 
Tuns starting at 25,000 psi. 

From the data of Fig. 5, it would seem that the oils are ex- 
tremely sensitive to time of application of pressure only when 
they are beginning to solidify. For pressures up to 15,000 psi, 
the points fell on a smooth curve regardless of length of time the 
Pressure was imposed. The solidification of rapeseed oil due to 


pressure was confirmed by opening the reservoir after there had 
been no flow at high pressures. The oil was removed in the form 
of a hard white cylinder, looking very much like a candle. That 
this was clearly a pressure effect was evident, for rapeseed oil 
at 0 C and atmospheric pressure is liquid. 

Little has been said about the tests using the long capillary 
other than to point out time effects. Analysis of the curves from 
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this work is difficult due to the great variation of consistency 
along the length of the capillary, and a painstaking study of 
these curves probably is not justifiable in view of the meager data. 


Hicu-PressurE Tests Two IN SERIES 


The large drop in pressure along the single test capillary was 
disadvantageous due to the difficulty of handling the results 
mathematically. The consistency of the material in the capillary 
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ranged from a plastic solid at the high-pressure end to liquid at 
the low-pressure end. The first attempt at overcoming this 
difficulty was to use a needle valve as a pressure reducer at the 
outlet of the capillary. It was impossible to obtain a steady flow 
with this device, and the arrangement shown in Fig. 9 was 
adopted. This consisted of a short test capillary with two Bour- 
don gages to measure terminal pressures p; and p. and a long 
capillary in series with it to offer resistance to flow. The purpose 
of this was to render the pressure difference in the test capillary, 
pi — px, small enough so that the oil could be assumed at a con- 
stant pressure throughout the test capillary. By using different 
lengths of resistance capillary, various rates of flow were ob- 
tained. Curves were drawn showing rates of flow versus pressure 
difference for constant average pressures (pi + p2)/2. The 
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pressure was maintained for 10 min before taking a run, and it 
was kept off for 10 min before proceeding to a different pressure, 
In this way it was hoped to eliminate time of application of pres. 
sure as a variable affecting the curves. Sperm oil at 0 C, sperm 
oil at 20 C, lard oil at 20 C, and Veedol medium at 20 C were 
tested; the results are shown in Figs. 10, 11, 12, and 13. Each 
figure has several flow curves, each corresponding to a constant 
average pressure which is indicated in pounds per square inch 
along the curve. 


INTERPRETATION OF FLOW-PRESSURE CURVES 


Various schemes were tried for the interpretation of these 
curves. From the curves for sperm oil at 0 C, values of yield 
shear stress and mobility were found by the use of Bucking 
ham’s equation (10) based on Bingham’s law and are shown in 
Figs. 14 and 15. The procedure was to draw a tangent to each 
curve at its lower left portion and find its intercept P’ on the 
axis of pressure differences. This procedure assumes that such 
a tangent will be the nearest approximation to the asymptote of 
Buckingham’s cubic equation and that Bingham’s law is most 
nearly realized at the lower rates of shear. Observations at higher 
rates of shear were disregarded in this analysis. Then, according 
to Buckingham’s equation, the initial pressure difference P,, 
causing the flow to start, is equal to (3/4)P’. By statics, the yield 
shear stress Sy is equal to (r/2L)Po, where r and L are the radius 
and length, respectively, of the capillary. The mobility was 
computed by the formula (8L/zr‘) tan y, where tan y is the slope 
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of each curve taken at the lower left portion, where the tangent 
line has been drawn. This method of expressing the ci.aracteris- 
tices of the oil was not very satisfactory since the curves appar- 
ently do not follow Bingham’s law at the higher rates of flow. 
The plots of yield shear stress and mobility, then, may be thought 
of as a first approximation in representing the characteristics 
of sperm oil at 0 C, useful in showing the general effect of pres- 
sure. Furthermore, the mobility curve should be used only in a 
restricted range of rate of shear as indicated on the plot. 

Two principal methods have been proposed for the interpreta- 
tion of flow-pressure curves, and these have been discussed (11) 
by Hersey. The methods are termed the integration method and 
the differentiation method. The use of Buckingham’s equation 
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to evaluate the constants of the material was an example of the 
integration method. 

The integration method consists of assuming a particular law 
governing the behavior of the material in shear and then inte- 
grating twice to find the equation of flow. As a second example, 
if it is assumed that the velocity gradient is proportional to the 
shear stress raised to the power n, one finds that the flow is pro- 
portional to the pressure difference raised to the same power. 
If the derived equation for flow can be made to fit the observed 
flow curve, the constants in the fundamental law can be evalu- 
ated. This type of approach did not lead to any conclusive 


| Tesults. It may be of interest to note that the curves for sperm 


oil at 0 C could be fitted fairly well by power curves of increasing 
order as the average pressure increased. For example, the curve 
of average pressure = 9500 psi could be fitted by a straight 
line, average pressure = 18,000 psi by a second-degree curve, 
and average pressure = 29,000 psi by a cubic curve, to a fair de- 


gree of approximation. 


The procedure finally used for interpreting the results given 
by Figs. 10 to 13 was the differentiation method in the form of 
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the Weissenberg-Rabinowitsch transformation. This method 
was described by Rabinowitsch (12); a proof of it also appears in 
a paper by Mooney (13). It has been used by Blott and Samuel 
(14) and doubtless by others. The method merely assumes the 
existence of a functional relationship between rate of shear and 
shear stress. The final form of the transformation is 


R = + 30) 
"nT 


where R is the rate of shear, r is the capillary radius, S the shear 
stress at the wall, Q’ is the first derivative of the rate of flow in 
respect to the shear stress, and Q is the rate of flow. The experi- 
‘mental plots can be converted into curves of rate of flow versus 
shear stress, and Q’ can be found graphically. Curves for rate 
of shear against shear stress obtained by this method are shown 
in Figs. 16, 17, 18, and 19. 


DIFFICULTIES OF THE PROBLEM 


Certain questions have arisen in the course of the work and 
might well be discussed at this point. A very important one is 
just what significance should be attached to pressure when one is 
dealing with a plastic material in flow. Treating the flow-pro- 
ducing forces as pure hydrostatic pressures is open to criticism, 
and yet an attempt to deal with other forces in the material 
itself is difficult, both experimentally and analytically. In short, 
there is the problem of dealing with a combination of forces of a 
hydrostatic nature and of a strain nature. The present research 
has sidestepped this problem by dealing with materials which 
are relatively soft under test conditions and then assuming that 
the forces are predominantly hydrostatic. 

Another difficulty lies in the technique of measuring a differ- 
ence in pressure across the test capillary. With the Bourdon 
gages used in this work, the difference in pressure had to be a high 
percentage of the absolute pressure. This was due to the loss in 
accuracy when subtracting p: from p,. An attempt was made to 
calibrate the gages and apply corrections to the readings, but 
this left much to be desired, for it was found that the gages did 
not repeat very accurately. The main source of error in the gages 
is due to the link mechanism which multiplies the exceedingly 
short tip travel. Considerations of piston type or manganin- 
coil gages have not led to much encouragement. Piston gages 
are subject to leakage and friction; these would be important 
considerations when one tries to measure a small difference in 
pressure at a high absolute pressure. Furthermore, construction 
difficulties are severe. Manganin coils would need electrical 
readings to six significant figures to obtain the desired accuracy 
on the difference. The difficulty arises in the fact that with either 
of these systems one is actually measuring two pressures and sub- 
tracting, whether that is done mechanically or arithmetically. 
The most hopeful scheme is a differential-bellows gage, proposed 
by P. G. Exline of the Gulf Research and Development 
Company. The use of optical levers on Bourdon tubes, perhaps, 
offers some possibility of improving their accuracy so that smaller 
differences in pressure may be used. 

There are several reasons for desiring to reduce the difference 
in pressure. One is that the mathematical analysis of the flow 
curves requires the assumption that the material does not vary 
in properties along the length of the capillary. This is obviously 
far from true if a large pressure drop exists. 

Another disadvantage is that a large pressure difference means 
that a great deal of work has been put into the material. This 
work must take the form of heat as the oil shears. Although the 
capillary is in a bath, it is questionable whether a large amount of 
heat can be dissipated without a substantial temperature gradi- 
ent. Further experimental work would be desirable to check the 
temperature inside the capillary. 
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Time lag in the effect of pressure on the test material is 4 
problem which has been given scant attention in the two-capillary 
work, other than to eliminate it as a variable by standardizing 
the time of application of pressure. The shear-stress versus rate- 
of-shear relationship is dependent upon the time of application of 
pressure as has been shown, and further work upon this subject 
might be desirable. 

A thixotropic material is one which changes consistency upon 
being deformed or worked. The material may regain its original 
consistency after a lapse of time. This subject has been studied 
by Reynolds, Freundlich (15), McMillen (16), and others. There 
is reason to suppose that thixotropy exists in solidified oils as well 
as in greases. One method of investigation of thixotropy in work 
of this type would be to use test capillaries of different dimensions 
for a given oil and temperature. If no discrepancy appeared in 
the rate-of-shear versus shear-stress curves derived from such 
tests, it would be an indication of freedom from thixotropic be- 
havior. With sufficient data it might be possible to formu- 
late consistency as a function of amount of shear as well as rate of 
shear. It should be kept in mind that, while there is no provision 
for working the test samples in this high-pressure apparatus, the 
tests cannot be regarded as representing unworked oils. There is 
an undetermined amount of working in the end effects of the test 
capillary plus the working occurring inside the capillary. 

Provision for working the test material thoroughly could be 
provided most easily in a rotation type of consistometer. This 
type of instrument has the added advantage of having the test 
material under a uniform pressure. It is to be hoped that future 
work on oils under pressures causing apparent solidification will 
be done on a rotation consistometer. In the meantime, capillary 
tests will provide a useful preliminary survey. 


CONCLUSIONS 


The problem under investigation is a difficult one, and it has 
by no means been solved. The difficulties of the work have just 
been mentioned, and the results must be considered as first ap- 
proximations. However, interesting results were obtained on the 
increased effect of pressure due to time of application in regard 
to solidification of rapeseed and sperm oils, as can be seen by 
Figs. 5, 6, 7, and 8. The shear characteristics of sperm, lard, and 
Veedol medium oils at 20 C, as affected by pressure, have been 
shown by curves of rate of shear versus shear stress in Figs. 17, 
18, and 19. The behavior of sperm oil at 0 C has been described 
by curves of rate of shear versus shear stress and by plots of yield 
shear stress and mobility against average pressure, Figs. 14, 15, 
and 16. Non-Newtonian behavior of rapeseed and lard oil at 
low temperatures has been indicated in Figs. 2 and 3. 

To summarize, the consistency of an oil near apparent solidif- 
cation is dependent upon time of application of pressure as well 
as upon the amount of pressure and the temperature. The con- 
sistency is very likely dependent upon the amount of shear a8 
well. 
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Discussion 


L. J. Braprorp.* Advances in science are made in three 
stages: (a) New phenomena are observed, (6) these phenomena 
are studied to discover and interpret their meaning, and (c) the 
phenomena are usefully applied. The late Prof. Norton and his 
associates have, in the work described in this paper, accom- 
plished the first of these. The interpretation and application of 
these data will follow. In the development of these phases, all 
those interested in the work should participate. 

Examination of Figs. 16 to 19, inclusive, indicates that in all 
cases the curve of rate of shear plotted against shearing stress is 
substantially a straight line passing through the origin for a 
pressure of 10,000 psi. It may be concluded that this is also true 
for all lower pressures. At 14,000 psi this condition ceases. The 
rate of shear rises more rapidly than does the shearing stress, and 
the curve is concave. Extrapolation of the curves for this and 
greater pressures yields an intercept on the shear-stress axis. 
They are clearly the curves of plastic substances. 

Curves for 18,000 psi in Fig. 16, and for 18,000, 23,000, and 
27,000 psi in Fig. 17, show another peculiarity. It will be seen 
that each is composed of two substantially straight lines joined 
byacurve. It is quite possible that the other curves would show 
the same characteristic had they covered wider ranges of shear 
stress. This suggests that the oils investigated pass from New- 
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tonian liquids to plastic solids at some pressure between 10,000 
and 14,000 psi. 

These plastics are of the Bingham type and have a dual con- 
sistency, depending upon the rate of shear to which they are 
subjected, the two types being connected by a transition region, 
lying roughly between rates of shear of 10,000 to 15,000 reciprocal 
sec. 
Another fact of considerable interest and importance which has 
been noted is the relationship of time to the transformation of the 
oils from Newtonian liquids to Bingham solids. This is of im- 
portance because any attempt to make use in bearing design of the 
elevation of viscosity caused by pressure must be limited to the 
change possible while the oil is in the load-carrying region. This 
is usually only a fraction of a second. Quite possibly the pressure 
effects will not appear at all. 

The work described by the authors is obviously incomplete 
and should certainly be continued. The range of the investiga- 
tion into the rate of shear versus shear stress should be consider- 
ably extended. The effect of time and work should be thoroughly 
investigated, and it might be found worth while to look into the 
effect caused by repeated and rapid application of pressure. 

The Special Research Committee can perform a valuable 
service to the science of lubrication by using its influence to 
further the investigation of the phenomena described by the 


authors. 


R. B. Dow.’ The authors are to be congratulated as the first to 
offer quantitative data on flow properties under high-pressure 
differences in the congealed state. It has been recognized for some 
time in lubrication practice that “pumpability” at low tempera- 
ture is a property not described adequately in terms of viscosity 
of the lubricant alone. This paper indicates a start in the right 
direction and it is to be hoped that further work will eliminate 
some of the errors and difficulties which were experienced by the 
authors. 

It is to be pointed out, however, that these experiments give no 
information about solidification in the thermodynamic sense, 
and the nature of freezing as understood in the sense of Clapeyron’s 
equation must still remain an open question. It would be de- 
sirable to determine freezing of a lubricant by compression by the 
free-piston method, a method which enables the volume changes 
to be followed. The writer has plans projected for an experiment 
of this kind. It is hoped that the sharpness and extent of freezing 
of a variety of lubricating oils can be studied and the results cor- 
related with their various chemical and physical characteristics. 

Regarding the data of the present paper, it would appear that 
few generalizations can be made since the results show clearly 
that the history of the pressure treatment is a vital factor, which, 
from the nature of the conditions, is to be expected, for example, 
Figs. 7 and 10. The data of Fig. 5 show that a 2-hr application 
gives uniform results and reproducibility; evidently equilibrium 
conditions are being approached in this case. However, it is to 
be noted that the procedure followed does not distinguish be- 
tween the effect of magnitude of pressure and the effect of time of 
application of pressure. A pressure of 500 psi, let us say, applied 
for 10 min, on a sample initially at atmospheric pressure at 0 C 
would produce quite a different effect from that produced by the 
same pressure added to an already existing pressure which may 
have produced partial solidification. If successive increments of 
pressure are increased according to the methods of the authors, 
for the same time intervals, it is clear that the state of solidifica- 
tion will be more complete at the higher pressures and this in 
turn will affect the flow characteristics. It is suggested that sud- 
den pressure relaxations (10 min) during a test be avoided, and 
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that it might help if the state of the substance were brought back 
to initial conditions before applying a new pressure. Since fairly 
large flow rates have been used in some cases, it would seem as if 
the presené procedure brings in objectionable inertia effects due 
to variable accelerations of undetermined masses of liquid and 
partly solidified matter. 


P. G. Exurne.’ The high pressures existing between lubricated 
metal surfaces in many industrial applications fully warrant an 
investigation of the nature of this paper. The pioneer work re- 
ported by the authors must eventually be supplemented by addi- 
tional work on many materials under a wide variety of conditions 
before its maximum usefulness can be realized, but the ground- 
work has been well done. 

The difficulties of measuring the pressures accurately and of 
maintaining steady pressures for a long enough period to secure a 
good measurement of the flow will undoubtedly be overcome by 
improvements in apparatus: The analytical difficulties inherent 
in the capillary method may not be so easily solved. Have the 
authors considered the use of low temperatures to determine if the 
behavior obtained at low temperature and atmospheric pressure is 
the same as at high pressures and higher temperatures? 

Figs. 5 and 6 show a complete cessation of flow for rapeseed oil 
at high pressures. Was any attempt made to determine how long 
the valve at the end of the capillary would have to be left open 
before the oil at that end would return to the liquid state and 
start flowing out? 


M. D. Hersey.’ Some idea of the heat effects possible may be 
obtained from the mean temperature rise calculated!® for radial 
conduction under the limiting condition of thermal equilibrium 


where G denotes the gradient (p: — p2)/L while u is the viscosity 
of the oil, assumed uniform, and k its thermal conductivity, r and 
L being the radius and length of the capillary. 

For the mineral oil of Fig. 19 of the paper, the viscosity at 
20,000 psi and 20 C under a shear stress of 2.5 psi is equal to 
2.5/5000 or 5(10)~* lb sec per sq in. The conductivity" at this 
temperature, disregarding any slight increase due to pressure, is 
about 0.029 lb per sec deg C. Substituting these values, together 
with the capillary dimensions from Table 2 of the paper, gives for 
a mean pressure difference of 16,000 psi (Fig. 13) T,, = 1.6 C. 

Would it be possible to summarize the experimental results 
obtained for the committee during the summer of 1940, including 
check observations with a smaller-diameter capillary? 


R. V. Kiemscumipt.’? It is unfortunate that the excellent 
work reported in this paper should be interrupted by the untimely 
death of Professor Norton. The importance of such research is 
perhaps most greatly appreciated by those of us who have had 
an opportunity to work in this field. 

Some 15 or 20 years ago, the work of Mr. Hersey and others 
indicated that the peculiar lubricating properties of oils were in 
some way related to their tendency to increase markedly in 
viscosity or even to solidify under pressure. At the same time, it 
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became obvious that if they do solidify, their lubricating proper- 
ties must be largely dependent upon the properties of the solids 
formed. Certainly, a material which solidified into hard angular 
crystals would be a poor lubricant, whereas, one which formed 
more or less plastic solid might be better. Finally the solid 
might take the form of smooth plates like graphite or mica which 
would conceivably make an excellent lubricant. It is thus obvious 
that the properties of these pressure-solidified oils are of funda- 
mental importance. To determine such properties is the object of 
the present research. 

Without wishing in any way to detract from the value of the 
work performed to the present time, the writer would like to 
suggest a direction in which future effort should proceed. While 
it is natural that preliminary work should be done on commerical 
lubricants, it must be remembered that such materials are not 
only extremely complex mixtures but that they are continually 
varying in actual composition, as various petroleum pools are 
tapped. Therefore, it would seem to be essential that a funda- 
mental study should include work on some pure substances, and 
on relatively simple mixtures of substances normally found in 
lubricants. 

Furthermore, it is important to consider not merely “plasticity” 
as such, but the possibility of surface slippage and planes of slip 
within the body of the solidified lubricant. 

Finally, it is important that the experimental methods be 
simplified in so far as possible by determining at the outset any 
general relations between, for example, solidification due to 
pressure and ordinary freezing due to low temperature. It is, 
of course, by no means certain that any such relationship exists 
since, in a bearing, the pressure conditions in the oil are probably 
far from isotropic. The simplification of laboratory work which 
would result makes a search for such a relationship worth under- 
taking. 

The writer feels that the work reported in this paper should be 
continued and extended into a far-reaching basic study of lubri- 
cants and their behavior. While the Society cannot sponsor the 
study of any considerable number of commercial lubricants, it 
can and should develop the fundamental laws and the tech- 
niques required. These will then be quickly taken up by the com- 
mercial laboratories. In view of the enormous value of machinery 
which must be protected by lubricants and the vast amount of 
power which is wasted in friction, any slight improvement in 
lubrication would pay high dividends to industry on money in- 
vested in such research. 


C. M. Larson."* Referring to the Veedol medium which is 4 
Pennsylvania 100 V.I. SAE 30 motor oil such an oil would com- 
press 17 per cent of its volume under 100,000 psi, whereas, a Gulf 
Coast oil, zero V.I. SAE 30 would lose 15 per cent under the 
same pressure. Yet the 100 V.I. SAE 30 oil under 12,000 psi has 
not as high Saybolt Universal viscosity at 100 degrees F or 210 
degrees F as the zero V.I. SAE 30 oil under 6000-psi pressure. 
Thus, the 100 V.I. oil compresses more readily, yet its increase in 
viscosity under pressure is less than the zero V.I. oil. The 
heavier the oil based on atmospheric-pressure viscosities, the 
higher the rate of compressibility. 

When it is considered that the pressure per square inch of ail- 
craft-engine bearings at take-off varies for different engines from 
2500 to 3500 psi, it is possible to have viscosity-pressure-effect 
increases from 6 to 12 per cent at the operating temperature but, 
when a plane is in a power dive and bearing pressures of 8100 ps 
are encountered, viscosity-pressure build-up of 25 per cent 0 
higher is possible in the oil film. With hypoid-gear-tooth pre 
sures of 100,000 Ib, the viscosity-pressure build-up can be easily 
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in the order of 10 times the original atmospheric viscosity at the 
temperature of operation. Many substances which are plastic 
and are considered lubricants at atmospheric pressures are 
abrasives, harder than steel. Roller bearings build up pressure of 
higher than 100,000 lb ahead of the rollers. 


Rosert Marreson.'* In the introduction to the paper, the 
authors attribute Newtonian behavior to “most lubricating oils at 
ordinary pressures and temperatures,” implying that for these 
materials the viscosity is independent of shear rate. But Elwell® 
has shown theoretically that all liquids should exhibit a decrease 
in viscosity with shear rate, and Kyropulous" has proved experi- 
mentally that “natural oils,” including lubricating oils, begin to 
exhibit a measurable decrease in viscosity at shear gradients as 
low as 3000 s~'. The fact that viscosity of oils does decrease at 
such low shear rates undoubtedly introduces a complicating 
variable into the work of the present authors who report measure- 
ments well above 35,000 s~! and are primarily engaged in study- 
ing the effect of pressure on viscosity. 

A question arises concerning the method used in calculating 
flow and shear rates. If compressibility of the oils is neglected, 
the flow rates will be high by approximately 5 per cent at 15,- 
000-psi and 10 per cent at 30,000-psi average pressure for lubricat- 
ing oils'? and somewhat less for the fatty oils. Shear rates will 
also be affected to the same extent. Where large pressure drops 
occurred between inlet and discharge sections of the capillary 
tube, the effect of compressibility varies all along the tube and 
further complicates the problem. 

With regard to the difficulties encountered in measuring pres- 
sure differences, these could be overcome by using electrical. 
pickups now available which involve no moving parts nor offer 
geometrical obstacles to alter the flow pattern in the tube, as is 
the case with the connections required for pressure gages of the 
Bourdon type. 

The wisdom of concentrating attention upon oils such as lard, 
rapeseed, and whale oil is open to question in view of the relative 
industrial importance as lubricants of these oils, as compared 
with the products obtained from petroleum. It is perhaps felt 
that, as explained in the paper, these fatty oils were known to 
undergo apparent solidification under pressure and, hence, 
offered the best working materials. This may be true but the 
Veedol medium also exhibited the property of solidification in 
the range of pressure studied by the authors. Futhermore, 
Suge’s data indicate that other petroleum oils will behave 
similarly at high pressure. It is for oils of this class that data 
are most needed. 

It is doubtful whether the results obtained with fatty oils can be 
used with confidence in predicting the -behavior of petroleum 
fractions. One serious difference in the two types of oils is that 
the fatty oils, being polar in composition, exhibit orientation 
phenomena which are less pronounced in the case of the mineral 
oils. A second difference is in the degree to which the “free 
volume” between the molecules must be changed in going from 
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atmospheric pressure to 30,000 psi, where apparent solidification 
sets in with fatty oils, and the contraction in “free volume” of a 
petroleum fraction where the pressure may be of the order of 
40,000 or 50,000 psi. 

These remarks are not in the nature of negative criticism or 
refutation of the general conclusions reached by the authors. 
We realize that the experiments described are of a preliminary 
nature and it is our hope that the research may be continued 
with greater emphasis placed upon the investigation of the 
behavior of petroleum fractions under high pressure. 


M. Mooney.” This paper on the rheology of lubricants at 
high pressure represents a preliminary survey in an important 
and new field of investigation. The work has been well done and 
well presented. It is particularly encouraging to one interested 
in the science of rheology as such to see the differential method of 
analyzing capillary-flow data coming into use. This method is 
definitely more powerful than the older method of analysis by 
integration, as is demonstrated in the present paper. 

The data in Fig. 7, and also the data for 30-min application of 
pressure in Fig. 8, suggest that slippage of the solid material 
against the surface of the capillary may be taking place at the 
higher pressures. It is to be hoped that, when these investiga- 
tions are carried further, measurements of slippage will be in- 
cluded in the program. Such measurements could be obtained 
with the apparatus employing two capillaries, provided that two 
or more short capillaries of different radii are used. A method 
of analyzing such data for slippage has been described in 4 paper 
referred to by the authors. In view of Figs. 7 and 8, the functional 
relationship of rate of shear and shearing stress, as plotted in 
Figs. 16 to 19, will require verification. 

The authors appear to doubt the validity of the customary 
analysis of stresses in a capillary tube when the material is 
plastic in its behavior. On this point, it is possible to reassure 
the authors and state that, so long as the flow is lamellar and 
parallel to the axis of the capillary, the usual calculation of 
shearing stress from pressure gradient is valid. In detail, the 
situation is as follows: Let r, 0, and z be a set of coordinates, and 
represent by a subscript a plane normal to the corresponding 
direction. The pressures normal to the coordinate lines are equal, 
or 


P, = Po = P, 
At any point, P¢ is one of the principal stresses. The other two 
principal stresses lie in the r, z plane through the point considered 


and are oriented at 45 deg with respect to the r or z axis. The 
maximum and minimum pressures differ from the mean pressure 


Thus 


by an amount equal to the shearing stress, which is 2 


| | 
dP, | 
= Py + 5 


dz 


r 


2 


aP, 


Pain = P, — 
dz 


M. anp F. Moraan.?* The authors have already 
given considerable attention to possible criticisms of their paper. 
Furthermore they have carefully outlined the experimental and 
analytical difficulties which they have encountered. 

A particularly troublesome element in the experiments, pointed 
out by the authors, is that relating to the determination of the 
pressures in the system with such accuracy that flow experiments 
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could be carried out, with small differential pressures which are 
known, with reasonably high precision. The variation in the 
nature of the fluid along the length of the capillary, when it is 
subjected to a large pressure differential, undoubtedly, greatly 
complicates the interpretation of the results. However, it may 
be pointed out that, if a method should be found for determining 
the high pressures with good accuracy, such as the differential 
bellows gage proposed by Exline, much useful information may 
still be derived by repeating the original experiments under high 
pressure drops, provided the pressure distribution were measured 
along the length of the capillary. Then, the effect of the amount 
of working on the fluid, as well as the variation of the viscosity 
with the pressure, could be followed in a continuous manner by 
observing the sequence of pressure-drop increments along the 
length of the capillary. Such a procedure would be equivalent to 
series of measurements over short capillaries with different 
average absolute pressures. It would have the advantage over 
the latter, however, in that a close control over the previous state 
and history of the fluid would be automatically provided by the 
pressure drop in the segment of the capillary immediately preced- 
ing the particular segment being studied. 

The obvious difficulty of using a long capillary tube in high- 
precision experiments, which arises from the variability of and 
uncertainty in the magnitude of the cross section, can be readily 
avoided by calibration runs at low pressures with a liquid known 
to be Newtonian. The pressure distribution along the capillary 
in such experiments will give a direct measure of the local average 
tube radius. In fact, it will give at once the variation of the 
fourth power of this radius and thus avoid magnification of the 
errors when the capillary radius itself is raised to the fourth power. 
Moreover, if this idea is generalized, one is led to the proposal that 
the capillary be deliberately made of several sections of different 
radii, the effective values of which could then also be determined 
by calibration tests with a Newtonian liquid. In this way the 
effects of different capillary dimensions, as well as of various 
amounts of working, could be investigated in a single experiment. 

It is realized, of course, that these comments do not provide a 
solution to the basic problem of the accurate determinations of 
the pressures. Rather they relate only to the further develop- 
ment of the experimental program, once the difficulties of tech- 
nique have been satisfactorily solved. 


C. H. anp R. BuLkiey.*! In general, we accept 
the performance of lubricants on bearing surfaces so casually, 
because of their exceedingly high percentage of satisfactory per- 
formance, that we are inclined to overlook the importance of 
lubrication to industry and our own lack of knowledge on the 
subject. 

It is pointed out in the paper that there are three types of 
lubricants, i.e., those which may be considered as Newtonian 
liquids, those which are non-Newtonian liquids, and those known 
as plastic solids. It is the purpose of this discussion to call atten- 
tion to an equally important type of lubricant, the classification 
of which, in the absence of experimental data, must remain un- 
known for the present. 

The behavior of lubricants which are Newtonian liquids appears 
to be well understood and the design of bearings operating in this 
region appears to rest upon adequate experimental foundations, 
thanks to the careful researches fostered by this Society and the 
work of some of our leading rheologists. 

In the field of lubricants of the plastic class, the subject is much 
more controversial and it is suspected that rule of thumb and 
practical experience are necessary in designing in this field. It 
does not appear to be good practice to operate loaded bearings for 
prolonged periods entirely within this region of lubrication. On 
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the other hand, bronze worm gears operating against steel worms 
in which the load passes from tooth to tooth can be operated 
successfully in this region of lubrication. 

The authors present experimental evidence to show that 
plastic phenomena occur with certain types of lubricants under 
high pressures. Recent work in the field of X-ray analysis indi- 
cates that, in addition to this plasticity, orientation of the mole- 
cules also occurs which, perhaps, in part accounts for the flow 
properties under high pressure, but which, in addition, imparts 
certain lubricating properties to a fluid. X-ray work with crystal 
diffraction equipment supports the fact that long hydrocarbon 
chains can form parallel bundles and that polar materials, of 
which sperm and lard oil are examples, show definite orientation 
under suitable conditions. 

The foregoing groups of lubricants are exceedingly important 
ones. Another group has become of outstanding importance in 
recent years. Viewed from the standpoint of physical mechanics, 
the groups of lubricants mentioned in the paper are representa- 
tive of materials in which the mechanical or electrical bonds 
exert large forces within the molecule and weak forces between 
lubricant molecules and the material of bearings and journals, 
In lubricants of the type considered here, the presence of powerful 
chemical bonds or the development of such bonds in service leads 
to the formation of rather stable molecular compounds at the 
interface between the lubricant and the bearing or journal. 

Successful utilization of the heavily loaded small-size hypoid 
gear in the rear axles of modern passenger cars capable of develop- 
ing as much as 150 hp depends upon this principle of lubrication. 
In the presence of a Newtonian liquid, under the extremely high 
pressure and temperature load imposed upon individual teeth in 
such a gear, small portions of the pinion steel actually weld into 
the face of the wheel with exceedingly rapid destruction of both 
gear members. When an active lubricant is substituted for the 
inert fluids so commonly employed in other forms of lubrication, 
a thin film is formed upon the gear surfaces by interaction of the 
lubricant and the steel of the gears. This film, being held to the 
steel with powerful forces and yet showing a far lower shear value 
than steel itself, serves to act as a cushion between the gear teeth, 
reducing the friction and preventing the actual welding which 
otherwise occurs. This is, perhaps, the most extreme example of 
the active type of lubricant. 

An equally important application is one requiring a milder 
acting lubricant. In modern aircraft engines, for example, firing 
pressures often exceed 1000 psi. Through rocking of the pistons 
or the use of tapered piston rings, only the sharp edge of the 
piston ring may rest against the cylinder at a given instant. 
Actual embedding of the cast iron of the ring into the steel of the 
cylinder wall occurs even with mirror-finished cylinders. Under 
these circumstances, certain lubricants have been found capable 
of forming on the metal surfaces weakly attached layers, held 
there by physical bonds or by chemical bonds, which themselves 
serve as lubricants or which act as a cushion to improve the action 
of fluid lubricants. 

It should be pointed out that the strides of industry in this 
country are so rapid that new types of lubrication are taking 
their place in industry while we are still trying to explain the 
behavior of those which have been in use over a century. The 
only hope, then, of keeping abreast of industry lies in basing 
future research upon the new discoveries as they emerge from the 
laboratory, and in bridging the gap between the past and present 
as rapidly as funds will permit. 

An incidental item of great interest is the observation, reported 
by the authors, that rapeseed oil, solidified by high pressures, 
remained solid when the pressure was removed by opening the 
reservoir. It would normally be expected that the solid form 
would revert to liquid at once when the pressure was lowered. 
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If this observation can be confirmed it will constitute an extreme 
case of hysteresis, and it may have an important bearing on 
present theories of the persistence of strain in solid materials. 
An alternative explanation might be a very rapid polymerization. 


P. R. Voar.?*. The presentation of this excellent paper almost 
ayear after Prof. Norton’s death is a tribute both to the thorough- 
ness With which he prepared the foundation for this work and to 
his wise choice of assistants, which left men who are able to 
continue without the benefit of his direct guidance. 

A more complete understanding of the change of oil viscosity 
with pressure will be of importance to everyone concerned with 
lubrication problems. In the automotive industry connecting- 
rod-bearing loads as high as 2000 psi of projected area are common 
practice, and airplane engines sometimes use as high as 10,000 
psi. Assuming roughly that the maximum pressure in the oil 
wedge is about 4 times the load per square inch of projected 
area,?* the actual oil pressures in the foregoing applications are 
8000 and 40,000 psi, well within the range of greatly increased 
viscosity or “apparent solidification’ reported in this paper. 
Gear drives, especially rear axles, sometimes operate at tooth- 
contact pressures of 300,000 psi or more; and although part of the 
load is sustained by direct metal-to-metal contact, considerable 
“apparent solidification’”’ of the lubricant is bound to occur. 
This will certainly have an appreciable effect on the efficiency and 
life of the drive. 

As yet the effects are unknown; and up to now, engineers 
do not generally realize that the phenomenon even exists; but 
eventually it is entirely possible that the change in viscosity due 
to pressure May assume as prominent a place as that now given 
to the change due to temperature. 

To this end it is desirable that the high-pressure investigations 
be continued along the lines suggested in the paper. Further 
tests should be made on a wide variety of commercial lubricants 
such as engine oils, transmission oils, and extreme-pressure 
lubricants in an attempt to find, if possible, a correlation between 
high-pressure viscosity behavior and known results obtained with 
the particular lubricant in actual service. In other words, does 
a universally satisfactory oil have different high-pressure vis- 
cosity characteristics from a poor oil? Of course, this will depend 
upon the type of service for which the oil is good or poor. 

Tests should be conducted with the variables of temperature, 
time of pressure application, and amount of previous working 
held as nearly as possible to actual service conditions. In particu- 
lar, the work done on SAE 30 engine oil should be repeated at 
normal engine-oil temperature of about 150 C. Therefore it is 
sincerely to be hoped that Knott and Muenger will continue this 
valuable work. 


AvutuHors’ CLOSURE 


Messrs. Larson and Vogt give examples showing that a better 
knowledge of pressure effects on lubricants is of importance in 
practical problems of machine operation. However, Prof. 
Bradford correctly emphasizes the need for interpretation of the 
data given in this paper before they can be applied to such 
problems. The first step might be the separation of extraneous 
effects from the flow-pressure curves, such as are given in Figs. 
10 to 13 of the paper. Temperature rise in the test capillary; 
compressibility of the oil, as mentioned by Messrs. Larson and 
Matteson; the possibility of slippage, as mentioned by Messrs. 
Kleinschmidt and Mooney, lead one to suspect that the curves of 
Figs. 16 to 19 of the paper have too great a curvature. It is 


“a Detroit, Mich. Mem. A.S.M.E. 
* “Pressure Distribution in Oil Films of Journal Bearings,” by 
A. McKee and T. R. McKee, Trans. A.S.M.E., vol. 54, 1932, 
paper RP-54-8, pp. 149-161. 
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stated in the paper that these curves should be regarded as first 
approximations, and they should be verified as Mr. Mooney 
suggests. There is need for further distinction between the 
effects of pressure due to magnitude and those due to continued 
application as cited by Prof. Dow. The study of hysteresis 
deserves attention, and it would be desirable to shorten the time 
of application of pressure so as to approach service conditions. 
In reply to Mr. Exline’s question, we regret that we have no 
data concerning the time required for a solidified oil to return to 
its liquid state. 

It is to be hoped that refinements in technique will eliminate 
some of the uncertainties mentioned in the paper. Suggestions of 
Messrs. Matteson, Mooney, Morgan, and Muskat give some 
indication of possible steps. The determination of several pres- 
sures along the length of the test capillary, as suggested by 
Messrs. Muskat and Morgan, would indeed give useful informa- 
tion on the effect of working the oil but, with the present meth- 
ods of connecting lengths of capillaries and tapping for pressure 
determinations, the flow could not be considered the same as that 
for a single capillary tube. 

The choice of fluids for further experiments would seem to 
depend upon whether the emphasis is to be placed upon explana- 
tion of the phenomena being studied or upon the accumulation of 
data for actual practical applications, The use of pure substances 
and simple mixtures suggested by Mr. Kleinschmidt rather than 
complex oils should be of great interest. The solidification of 
pure substances should be more sharply defined, and their shear 
behavior might be much simpler. However, it is possible that 
the selective solidification of components of an oil give it shearing 
properties which must be studied by use of the oil itself, rather 
than one or two of its components. 

The establishment of an analogy between the effect of low 
temperatures and high pressures would simplify the experimental 
work to a marked extent. As was mentioned in the foreword, 
Shore has called attention to an empirical linear relationship be- 
tween solidifying pressures and temperatures, the slope of the 
lines being constant for several oils. That such a relationship can 
be established for studying shear behavior over wide ranges of 
shear is not clear. Further data seem to be necessary before 
this analogy, mentioned by Messrs. Exline and Kleinschmidt, can 
be established. 

Mr. Matteson questions attributing Newtonian behavior to 
lubricating oils under normal conditions, and he suggests a 
complicating variable is thereby introduced in the study of 
shear behavior under pressure. Since this investigation specifi- 
cally presupposed non-Newtonian behavior in the regions to be 
studied and merely set forth rate-of-shear versus shear-stress 
curves at various average pressures, it is hard to see how non- 
Newtonian behavior at atmospheric pressure would complicate 
the work. Furthermore Figs. 16, 17, and 19 show that sperm 
oil at 0 and 20 C under 9500 psi pressure and Veedol medium at 
20 C and 10,000 psi are Newtonian. It is safe to assume that 
this also indicates Newtonian behavior for these oils at lower 
pressures. It would not, of course, be safe to predict such be- 
havior at higher rates of shear than were studied. There are 
many confirmations that lubricating oils behave as Newtonian 
liquids under normal conditions. Bradford and Villforth** have 
just recently presented such data on five oils for rates of shear 
up to 320,000 s-'. Any experimental verification of the hydro- 
dynamic theory of lubrication may be considered a verification 
of Newtonian behavior of the lubricant under the conditions of 
the test, for the hydrodynamic theory is based upon Newton’s 
law of viscosity. Such verifications are for the so-called “thick 

24 “‘Relationship of Viscosity to Rate of Shear,” by L. J. Brad- 


ford and F. J. Villforth, Jr., Trans. A.S.M.E., vol. 63, 1941, pp. 359- 
362. 
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films,’’ and the dimensions of the test capillaries used in this 
work would correspond to thick-film conditions in bearings. 
The effect of orientation of molecules is thought to be pro- 
nounced only in the case of thin films, but it is possible that 
orientation as well as plasticity affects the flow curves as Messrs. 
Schlesman and Bulkley point out. 

Further work was carried on during the summer of 1940 using 
two capillaries in series. The principal results are given in the 
form of rate-of-shear versus shear-stress curves for Veedol 
medium at 0 C in Fig. 20 of this closure, and for castor oil at 
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Fig. 20 SHEAR CHARACTERISTICS OF PARTIALLY WORKED VEEDOL 
MeEpivum at 0 C 
(Average pressures indicated along curves, in psi.) 
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Fig. 21 CHARACTERISTICS OF PARTIALLY WorRKED CasTOR 
Om at 20 C 
(Average pressures indicated along curves, in psi.) 


20 C in Fig. 21. The test capillary used for the Veedol medium 
had an internal diameter of 0.0456 cm and a length of 6.08 
em; the test capillary used for the castor oil had an internal 
diameter of 0.0456 cm and a length of 16.1 cm. These curves 
merely extend the data given in the paper and are subject to the 
limitations hitherto discussed. 

Tests were made upon Veedol medium at 40 C, using pressure 
differences appreciably smaller than in the previous work. The 
observations were erratic due to insufficient accuracy in determin- 
ing the pressure difference. For example, on the 10,000-psi 
average-pressure curve, several negative pressure differences were 
recorded even after using a calibration curve for the Bourdon 
tubes. The curves, therefore, were ill defined, and the data 
are not given.*® These observations emphasized the limitations 
of the present apparatus. 


2% A complete record of the data obtained, during the summer of 
1940, has been filed with the Special Research Committee on Lu- 
brication of THe AMERICAN Society OF MECHANICAL ENGINEERS. 
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Mr. Hersey asks for a statement concerning check observa- 
tions, using a smaller-diameter test capillary. An attempt was 
made toward the end of the summer to check the flow curves for 
sperm oil at 20 C, Fig. 11, since it was felt that these curves 
were the best defined. For this work a test capillary was chosen 
with an internal diameter approximately 0.6 that previously 
used, the length being such as to give approximately the same 
flow for a given pressure difference as occurred in the previous 
work. Such a capillary made the taking of observations easier, 
since it was possible to predict the value of p; necessary to 
give the desired average pressure for a given resistance capillary, 
The lowest measurable shear stresses were much higher than 
those of the previous work, and the observations were, there- 
fore, not conclusive. Mr. Mooney mentions a method of de- 
termining the existence of slip described in bibliography reference 
(13), based upon flow observations from differently dimensioned 
test capillaries when equal shear stresses are used. The method 
assumes that the material studied does not have thixotropic 
behavior, but it is interesting to note that, if data from several 
capillaries coincide when plotted as Q/xr* against S, freedom 
from both slip and thixotropy is indicated. 
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Fig. 22. Curves ror Castor O11 at 20 C UnpbER 25,000 Pst 
AVERAGE PRESSURE 


An investigation of the temperature rise in the oil was made, 
using an iron-alumel thermocouple in place of p: of Fig. 9 of 
the paper. Readings so obtained were ambiguous in view of the 
very small diameters of the test capillaries, but they indicated 
that the temperature rises were not excessive. The thermo 
couple junction was placed in the bore of a connecting block, 
having a cross-sectional area approximately 12 times that of 
the test capillary. The bore had a volume of approximately 
0.05 em? while an average-flow sample might contain 0.5 cm’. 
In other words, approximately 10 times the volume of the bore 
was swept out during the taking of a test. Neglecting the con- 
duction of heat by the thermocouple, some sort of mean exit 
temperature was measured. The limit of sensitivity of the ther 
mocouple was 1/; C, and the highest observed temperature rise 
was 3!/; C, while the majority of the tests showed no perceptible 
temperature rise. 

It is instructive to recall the test procedure when discussing 
temperature variations. A given pressure po was applied for 
10 min while the outlet valve remained closed. Upon opening 
the valve, p; was kept at po while p: adjusted itself to flow 
conditions. When p, became steady, a flow sample was take, 
the whole procedure being limited to a relatively short time by 
the capacity of the intensifier. When the thermocouple w 
used, the opening of the valve was followed by a sudden tem 
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perature drop which slowly diminished, followed by a slowly 
rising positive temperature increment (referred to bath tem- 
perature). This clearly indicated release of energy of compres- 
sion and the behavior also indicated that thermal equilibrium 
was not reached in the flow tests. The maximum observed 
value of this temperature drop was 7 C. Therefore it is felt 
that the mean-temperature rise, as calculated from thermal 
equilibrium, is substantially higher than that which existed in 
the flow tests. The amount of heat carried away in the oil stream 
is neglected in the equation mentioned by Mr. Hersey, but this 
is smewhat compensated by the assumption that the internal 
walls of the test capillary are at bath temperature. 

For a numerical example of temperature effects, the 25,000- 
psi average-pressure flow curve for castor oil at 20 C was chosen. 
The experimental curve is marked A in Fig. 22. If castor oil 
had Newtonian behavior under the test conditions, and assuming 
that the viscosity in the capillary was everywhere equal to the 
viscosity at the mean pressure of 25,000 psi, the flow curve would 
be linear, as suggested by curve B, when temperature effects 
are negligible. Then, using thermal conductivity k equal to 
0.039 lb per see deg C, and viscosity u equal to 2 X 10~* lb see 
per sq in. as obtained from Fig. 21, the mean-temperature rises, 
as calculated from Mr. Hersey’s equation, become 1.7, 3.9, and 
6.9 C for pressure differences of 8000, 12,000, and 16,000 psi, re- 
spectively. The change of viscosity due to these temperature 
rises was calculated from data given in chart J, Fig. 1 of bibliog- 
raphy reference (2), and a correction was applied to Poiseuille’s 
law so as to give curve C of Fig. 22. The curve might be con- 
sidered to show the maximum deviation from a linear graph 
which could be attributed to temperature rise. The authors are 
well aware that this procedure is open to severe criticism because 
it tacitly assumes superposition for many effects, but it seems 
justified for a first analysis. 
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It is also possible to investigate the assumption that the 
viscosity of the oil may be specified by the viscosity at the mean 
pressure. Writing Poiseuille’s law 


art 


and expressing the viscosity as 
= po 10 


where uo is the viscosity at atmospheric pressure and test tem- 
perature, and c is a constant, an expression may be obtained for 
Q in terms of p; and p:. The form of the equation for u is justi- 
fied by experimental results given in reference (2) and yo and ¢ 
were computed from that source. The resulting curve for castor 
oil at 20 C and 25,000 psi is shown as graph D in Fig. 22. This 
graph, then, represents a flow curve for an idealized case when 
the oil is Newtonian and has no temperature rise, but where it 
does have a viscosity variation with pressure such as has been 
actually observed. This curve may give some indication of the 
errors arising from the variation of properties along the length 
of the test capillary. The errors arising from the variation of 
properties of the material along the length of the test capillary 
for oils which have undergone solidification may reasonably be 
expected to be more pronounced. 

The authors are grateful to Dr. C. H. Schlesman of the Socony- 
Vacuum Oil Company for the loan of equipment which was used 
during the summer of 1940, and to others who cooperated with 
the project. Prof. J. P. Den Hartog of the Graduate School of 
Engineering, Harvard University, served as adviser to the 
project, and Mr. G. A. Sullivan assisted with the laboratory work 
during this period. 
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A New Degasifying Steam Condenser for 
Use in Conductivity Determinations 


By F. G. STRAUB! anv E. E. NELSON,* URBANA, ILL. 


This paper describes a degasifying steam condenser 
which will furnish a continuous sample of either steam or 
condensate which is free from dissolved gases but which 
contains the dissolved solids which were present in the 
original sample. Seven of these condensers have been 
built and installed in different power plants varying in 
pressure from 150 to 1250 psi. They have reduced the car- 
bon dioxide from 20 ppm and the ammonia from 3.5 ppm 
toas low as 0.01 ppm for both gases. The unit is automatic 
requiring practically no attention once it is installed. 
The sample of degasified steam or condensate may be 
passed through a conventional conductivity cell and a 
continuous record kept if desirable. Data collected from 
the various plants are given as well as data collected in 
laboratory tests. 


\ Y ARIOUS methods have been used in the steam power 
plant for determining the amount of total dissolved solids 

in the steam or in the condensate from the turbines. If an 
accurate method is available it furnishes the operator with a yard- 
stick with which he may measure the amount of carry-over from 
the boiler, as weil as the amount of condenser leakage. Since 
such a method involves the determination of total solids as low 
as 1 ppm, the calorimeter method does not have sufficient ac- 


curacy and it cannot be applied to the condensate. Weighing 
the solids after evaporation of the water gives sufficient accuracy 
under proper control but it is limited to special tests and cannot 
be used as a routine procedure to be run by the operators. 

The so-called conductivity method has received much con- 


sideration and is being used in many power plants. In this 
method, a sample of the steam is condensed and passed through 
a cell fitted with proper electrodes and the resistance of the 
water to the flow of an electrical current is measured. This re- 
sistance varies with the amount of the dissolved solids in the 
sample. Recording instruments are available which record either 
the resistance or its reciprocal, the conductance. Thus, a con- 
tinuous record is available. If two cells are used, one on the 
steam, and the other on the condensate from the turbine, 
and the resistance or conductance recorded, the difference indi- 
cates condenser leakage. Thus a record is available as to any 
change in solids in the steam, caused by variation in boiler per- 
formance, as well as any condenser leakage. Since the time lag 
is of very short duration, boiler tests may be conducted to de- 
termine the conditions most favorable for low carry-over or low 
total dissolved solids in the steam. 

Unfortunately, some dissolved gases have a marked effect on 
the conductance of water, consequently, the conductance fails 
to give a record of the dissolved solids. Gases such as ammonia, 
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carbon dioxide, and hydrogen sulphide, interfere with the use of 
this method of determining total solids. With a high-quality 
steam, having less than 1 ppm of dissolved solids, the specific 
conductance might be in the range of 0.5 to 1.5 micromhos or the 
specific resistance between 2,000,000 and 670,000 ohms. It has 
been found that, in many steam samples, 1 ppm of dissolved 
solids corresponds to a specific conductance of 1.5 to 2.0 micro- 
mhos. Ammonia when present in the water will vary in its effect 
on the conductance, depending upon the form in which it occurs. 
However, it has been assumed that 1 ppm of ammonia nitrogen 
is equivalent to 9 micromhos. Thus the effect of ammonia 
nitrogen is about 4.5 to 6 times that of the average solids occurring 
in the steam. Free carbon dioxide has a value of 0.6 micromho 
for 1 ppm or one half that of the average of the solids in steam. 


Urtiuizinc THE Conpuctiviry METHOD 


One way of making use of the conductivity method has been 
to apply corrections to the observed values for the dissolved 
gases (1). However, this necessitates analysis of the steam or 
condensate samples for these gases. When ammonia and carbon 
dioxide occur together, it is difficult to determine the true carbon- 
dioxide value. When the amount of the gases varies, it is neces- 
sary to analyze quite frequently. The great objection to the 
application of these corrections is that often the corrections are 
many times the amount due to the dissolved solids. Thus one 
sample of steam tested had a specific conductance of 14.6 micro- 
mhos with 2.3 ppm nitrogen ammonia. If the value already 
noted was used in correcting for the ammonia, the corrected 
value would be 14.6 — 20.5 or —5.9 micromhos, an impossible 
value. Here also, due to the ammonia present, the water was 
alkaline to phenolphthalein making the regular test for carbon 
dioxide of no value. 

Much work has been done toward removing the gases from the 
steam sample. The first degasifying apparatus was developed 
by J. K. Rummel (2). This made use of the principle of reboiling 
the condensed steam. This method proved effective for reduc- 
ing the free carbon dioxide to a low amount. However, the ap- 
paratus did not remove an appreciable amount of the ammonia. 
The equipment was of a nature to be used for special tests and 
could not be used for continuous operation along with conduc- 
tivity-recording equipment. This was due to the attention nec- 
essary for controlling rates of flow of steam and condensing waters. 

Powell, Bacon, McChesney, and Henry (3) developed an ap- 
paratus using the principle of condensing the steam in a vacuum 
to remove the soluble gases. This method was suitable for use 
with recording equipment and required very little attention. 
The carbon dioxide was removed, but the ammonia had to be de- 
termined and corrected for. This limited the use of their ap- 
paratus to steam having low ammonia. 


DEVELOPING A DEGASIFYING CONDENSER 


Since neither of these degasifying units could be used on con- 
densate samples, the present study was undertaken to devise a 
degasifying condenser which would reduce the soluble gases, in- 
cluding ammonia, to negligible amounts. This condenser should 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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be able to remove the gases from condensate as well as from steam 
and it should be practically automatic so that it could be used in 
connection with recording equipment. 

The degasifying apparatus which was developed is shown in 
Fig. 1. It makes use of the principle of boiling a sample of the 
condensed steam from which the gases have been removed to 
furnish a gas-free steam which in turn removes the gases from the 
condensed steam. In order to obtain efficient removal of the 
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gases, a scrubbing tower or stripping column is used in connection 
with a vent condenser, so as to allow venting of the gases after 
being removed from the condensed steam. 

The degasifying condenser may be used for sampling steam or 
condensate. When used for steam sampling, it works as follows: 
The steam to be sampled is throttled to allow about 60 to 70 lb 
of steam per hr to flow to the unit. It is preferable to use an orifice 
or a length of small-bore tubing, however, a small valve might 
be used. The steam enters the unit through metal tubing a 
to the heating or reboiling coil b where the major portion of the 
available heat is removed. The partially condensed steam then 
passes to a condensing coil c where it is completely condensed and 
cooled. This coil is made up in the conventional manner using 
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one tube within another. The condensed and cooled steam sam- 
ple now passes through valve d which is opened wide. Valve e 
is kept closed. The sample passes up and part of it overflows 
to waste f or a conductivity cell, if the conductivity of the un- 
degasified steam sample is desired. A portion of the condensed 
sample flows through an orifice g, through a preheating coil A 
where it discharges onto the top of the plates 7. The flow of this 
sample is constant due to the constant head of water above the 
orifice. This sample is representative of the condensed steam 
since it has been condensed and cooled prior to passing through 
the orifice. It contains all the dissolved solids present in the 
steam along with the dissolved gases. 

The sample passes down through the scrubbing or stripping 
column which is made up of a series of plates. The column could 
be packed with various types of packing, or other types of plates 
might be used. It has been found that the plates described give 
efficient operation with very low pressure drop. By the time the 
sample reaches the bottom plates, all of the dissolved gases have 
been removed from the water. This gas-free water then falls into 
the bottom reservoir or reboiling chamber. The heat from the 
steam passing through coil b boils the gas-free water and thus 
furnishes gas-free steam which passes up through the column 
and removes the gas from the sample flowing down. 

The gas-free sample in the reservoir flows out through a cooling 
coil j and then at the proper temperature is available to flow to 
a conductivity cell k. The conductivity of the sample gives a 
measure of the dissolved solids directly without correcting for 
dissolved gases since it is gas-free. 

The steam, after passing up through the column, is con- 
densed in the top vent-type condenser 1 where the gases pass out 
the top m and the condensed steam drops back on the top plate. 
The condenser is so operated that no appreciable amount of steam 
is allowed to be lost through the vent. 

In order to obtain efficient operation (remove all the gases such 
as COs, NHs;, HS, He, etc.), it is essential that the ratio of the 
amount of steam passing up through the column to the amount 
of the condensed-steam sample, being removed to the conduc- 
tivity cell, be well above 1. We have found that, when this 
ratio is between 1.5 and 2, the gas removal is complete. In order 
to obtain this ratio, it is necessary to pass more steam through 
coil 6 than will be used at the conductivity cell k, so this excess is 
passed through the overflow f. In cases where the NH; is very 
low, this ratio may be reduced and the apparatus simplified some- 
what. However, it appears better to build one unit which will 
remove all the gases which might be present than several units 
which might be limited in application. It has been found that, 
by passing 60 to 70 lb per hr through the unit and using an orifice 
(about 0.0625 in. diam at g), the sample rate to the conductivity 
cell is 30 lb perhr. This gives the desired ratio of steam to sample 
in the column. . 


APPARATUS USED FOR SAMPLING CONDENSATE 


When the unit is to be used for sampling condensate, the con- 
densate is added at n. Valve d is closed and valve e is opened. 
Sufficient condensate is added so as to overflow constantly at /, 
thus assuring a constant rate of flow through the orifice g to the 
column. Any steam available (above 100 psi) may be then put 
in at a (again controlling flow to 60 to 70 lb per hr) and the con- 
densed steam allowed to flow through valve e to waste. The gas- 
free-condensate sample will flow out through k to the conductivity 
cell. The dissolved solids will be present, but the gases will be 
removed. 

This unit differs from those previously used in several ways. 
Thus J. K. Rummel used the reboiling principle, but he con- 
densed the steam along with some of the gases and reboiled a 
solution containing gases. We reboil a gas-free sample. M. 
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Hecht and D. S. McKinney condensed a sample of steam and 
applied corrections for the dissolved gases. S. T. Powell and 
I. G. McChesney condensed in a vacuum but still had to correct 
for dissolved ammonia. No one has, to our knowledge, used the 
principle of the scrubbing tower or stripping column to remove 
these gases from a sample of condensed steam to be used for con- 
ductivity determinations. This principle has been used for other 
purposes such as purifying alcohols, etc. 

The apparatus is compact, being about 3 ft high and 6 in. out- 
side diam. It is only necessary to connect the steam-sample line, 
a cooling-water supply, and an overflow outlet. Fig. 2 is a view 
of the condenser, while Fig. 3 shows the construction of the plates 
in the column. 


Fig. 2 


VIEW OF THE CONDENSER 


The operation is practically automatic, once the unit has been 
installed and properly adjusted. The flow of the cooling water 
to the cooling coils is adjusted (valves o and p) as well as that to 
the top condenser, in order to limit the amount of cooling water. 
Further adjustment of these valves is necessary only at infre- 
quent intervals. The use of an orifice to control the steam flow 


TABLE 1 RESULTS OF TESTS IN UNIVERSITY OF ILLINOIS 


POWER PLANT 
(150-Psi-gage saturated steam) 


ens Specific 

NHsz, p conductance, 
Method of condensing ppm value micromhos 
In coil under pressure..... 1.5 6.5 11.6 
Modified Rummel............. 0.9 9.7 6.2 
New degasifying unit.......... 0.0 7.4 1.4 
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to the unit makes it unnecessary to adjust this flow. It is only 
necessary to check the overflow and sample rate from time to 
time to determine that the proper amount of steam is flowing. 


Tests oN APPARATUS IN PowER PLANTS 


One of the degasifying steam condensers was tested in the Uni- 
versity of Illinois power plant. The steam available was 140 to 
150 psi gage saturated steam. An orifice 0.125 in. diam X !/, in. 
long was used and this allowed 71 lb of steam per hr to flow to the 
unit. The sample of degasified water flowed at a rate of 31 lb 
per hr. Table 1 gives the results of some tests conducted on this 
steam. The degasified steam had a specific conductance of 1.4 


Fic. 3 CONSTRUCTION OF PLATES IN STRIPPING COLUMN 


micromhos while the undegasified steam had a specific conduct- 
ance of 11.6 micromhos. Thus, the gases had caused a change of 
11.2 micromhos in a steam having a true value of only 1.4 
micromhos. 

A degasifying unit was installed in a large central station, using 
steam from the main steam line, having 1250 psi pressure and 900 
F. The steam was passed through a steel tube, 0.06 in. ID by 
0.25 in. OD, 11 ft long. This allowed 72 lb of steam per hr to 
flow through the unit and the sample rate to the conductivity 
cell was 32 lb per hr. The steam at the beginning had 0.67 ppm 
NH; and later this was reduced to 0.24 ppm. The degasify- 
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TABLE 2 RESULTS OF TESTS RUN ON 1250-PSI 900-F STEAM 


Specific conductance, 
micromhos 


§.93 


Method of condensing 


In coil under pressure 
In coil under pressure 5 
New degasifying unit : as 
New degasifying unit 1.52 
In coil under pressure 2. 
New degasifying unit 1 
New degasifying unit 1 


TABLE 3 RESULTS OF TESTS RUN ON ry DENSATE FROM 
SAME PLANT AS TABL 
Specific 


NHs, pH conductance, 
ppm value micromhos 
0.73 8.4 6.73 


0.00 6.7 to 7.2 1.20 


New degasifying unit. 


TABLE 4 RESULTS OF TESTS RUN ON CONDENSATE FROM 
EVAPORATOR AND BOILER STEAM 


NHs, 
ppm 


Specific 
conductance, 
micromhos 


Source of 
steam 


Evaporator 
Evaporator 
Evaporator 
Evaporator 
Boiler 
Boiler 


Method of condensing 


In coil under pressure 
Through degasifying unit 
In coil under pressure 
Through degasifying unit 
In coil under pressure 
Through degasifying unit 


ing unit gave a sample free from ammonia. This unit has now 
been running more than 6 months in connection with a conduc- 
tivity recorder. During this time, tests on the degasified sample 
showed them to be free from ammonia. 

A unit was also tested in this same station using the condensate 
from the turbine. The steam used for the reboiling was about 
225 psi gage, superheated about 200 F, and contained 1285 Btu 
per lb. An orifice 0.086 in. diam X '/,in. long was used and gave 
a steam flow of 66 'b per hr through the unit. The sample flow of 
degasified water was 30 lb per hr. Here again the ammonia was 
reduced to0.0 ppm. The pH value was reduced from 8.4 when the 
ammonia was present to 6.7 to 7.2 in the degasified sample. Dur- 
ing the time of this test, the condenser leakage was low and the 
specific conductance of the gas-free sample was about the same 
as that of the gas-free steam sample. A unit has been installed 
which operates using the condensate from a central point which 
gives condensate from all the condensers. It is arranged so that, 
when the conductivity of the degasified sample varies and in- 
dicates condenser leakage, samples may then be taken from 
each condenser in turn, in order to determine which one is leaking. 
The results of the tests conducted in this station are given in 
Tables 2 and 3. 

A unit was installed in another power plant in order to obtain 
a continuous record of the quality of the vapor from the evapo- 
rators. Since the pressure in the evaporators varied between 10 
and 60 psi gage, it was not possible to use this vapor directly in 
the degasifying unit. It was first condensed and then run through 
the unit as condensate. The source of heating used was steam 
at 650 psi and 725 F. This was throttled through an orifice 0.05 
in. diam by '/,in. long. This gave a flow of 68 lb per hr through 
the unit. The evaporator distillate was passed through at a rate 
of 32 lb per hr. The ammonia content of the evaporator distillate 
at the time of the tests reported was very low, about 0.02 to 0.03 
ppm, but the carbon dioxide was around 19 ppm. When this 
was passed through the degasifying unit, Table 4, the ammonia 
was reduced to about 0.01 ppm and the carbon dioxide to 0.0 
ppm. The unit was then used to degasify the steam and it re- 
duced the ammonia from 0.05 to 0.0 ppm and the carbon dioxide 
from 0.5 to 0.0 ppm. 

In all determinations of pH value the glass electrode was 
used. In the University of Illinois tests the sample was kept free 
from contact with air until it had passed through the glass elec- 
trode container. In the central-station tests (Table 3) the 
sample was exposed to air while measuring the pH value. All 
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conductance tests were run on the sample protected from contact 
with the air. 


AMMONIA DETERMINATION 


The ammonia was determined by the Nessler method (4). 
In some tests the comparison was made in Nessler tubes and in 
others, the Hellige nitrogen-ammonia color disks were used for 
comparison. In all the tests reported as 0.00 ppm NHsy, the color 
after adding the Nessler reagent corresponded to the 0.00 standard 
color. In the test on the University steam when the Nessler test 
showed 0.00 ppm NH;, 500-ml samples of the gas-free water were 
tested for NH; by evaporation (4). This method gave the NH; 
as equal to 0.02 ppm. This value may be high since the samples 
were not protected from contact with air while sampling. How- 
ever, it shows that the ammonia had been reduced from 1.5 ppm 
to a maximum value of 0.02 ppm, or a removal of about 99 per 
cent of the ammonia. The residual ammonia would not affect the 
specific conductance by more than 0.2 micromho or be equivalent 
to more than 0.1 ppm of dissolved solids in the steam. Tests on 
the degasified samples for carbon dioxide showed it to be negligible 
in all tests. 

The carbon dioxide was only determined in the steam or con- 
densate before degasifying, in the tests reported in Table 4. This 
was possible due to the low ammonia present. 


CONCLUSIONS 


As a result of the tests conducted, it is possible to conclude 
that the degasifying unit will give a sample of water for conduc- 
tivity determinations having the dissolved solids present in the 
absence of dissolved gases. It is possible to use this unit directly 
on all steams above 150 psi as well as on condensate. 
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Discussion 


R. E. E, P. Parrripce.’ The marked advantages 
inherent in the conductivity method of determining purity of 
steam have enlisted a number of investigators over a period of 
several years in the drive to eradicate troublesome factors which, 
necessarily, have led to indeterminate error in the final results. 
The task has not been simple; various separate steps have had 
to be combined to provide the facility of measurement which is 
routine today. 

One of these steps has been the development of suitable elec- 
trical-measuring equipment. The instrument makers have 
made a good job of this phase of the work. As one today uses 4 
convenient and accurate conductivity meter, designed for 60- 
or 25-cycle current, and for 110 or 220 v, and provided with an 
attachment to compensate for the temperature of the sample to 
be measured, he can scarcely realize the difficulties which Fitze 
Hall Laboratories, Pittsburgh, Pa. Mem. 


4 Director, Inc., 


A.S.M.E. 
5 Hall Laboratories, Pittsburgh, Pa. 
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(5),° Hecht and McKinney (1) or Rummel (2) had to overcome 
in their adaptation of equipment then available to the specific 
problems of steam. Perhaps it was their work which defined for 
the instrument makers the needs which they have filled. 

Conductivity cells vary considerably in their construction, 
form, and dimensions, according to the individual preferences of 
their users. However, if the cell constant is appropriate and 
carefully determined, the form of the cell within reasonable 
limits will not affect the final accuracy of the determination. 

Sampling of the steam has presented its own problems. We 
believe no exception has been taken to the recommendations for 
gathering the sample as set forth in the Power Test Codes (6). 
The trend is toward providing enough sampling connections to 
permit measurement of steam quality at all pertinent points. 
The value of this is well illustrated by Baker in his paper (7) and 
in particular by the problems in connection with the induction 
of new installations into service. 

From the point at which condensation of the steam sample 
begins, on through the conductivity cell where the final deter- 
mination is made, what shall be the composition of the pipes or 
vessels contacting the water, in order that they shall contribute 
the least contamination by dissolving therein? Some data are 
available on this question (8). Perhaps stainless steel as used 
by Powell (9) will finally prove best. A report of an investiga- 
tion on this point and discussion thereof are being planned by 
Committee D-19 for the A.S.T.M. annual meeting in June, 1941; 
several other factors relating to determination of steam purity 
by conductivity will also be given consideration. 

As the authors point out, methods of correction for, or elimina- 
tion of, dissolved gases have necessarily been evolved, in order 
that the conductivity contributed by dissolved solids carried 
over from the boiler may be known. The values of Rummel (2) 
for CO, and NH; have been most extensively used for correction 
purposes. At times these have led to impossible results, as 
noted by the authors, and as pointed out also by Watson (10). 
The latter showed that it is incorrect to apply separate correc- 
tions for NH; and CO,, because they are interreactive and, there- 
fore, contribute to the conductivity in a measure which is not 
the sum of their separate conductivities, but which varies with 
the pH value which they jointly establish in the sample. When 
these parts are taken into consideration, the anomalies in the 
correction method are no greater than the percentage of error 
involved in the determinations. 

The method of eliminating dissolved gases, as exemplified by 
the equipment developed by the authors, is a neat application to 
this problem of the principles of the stripping column. With 
equipment such as this for providing continuously a gas-free 
sample, and with sensitive conductivity meters to record the 
conductivity of the sample, certainly the record on quality of 
steam will be more simply obtained, and more accurate than 
heretofore. The writers would raise only one question, a point 
on which the authors have not touched, i.e., what is the com- 
position of material utilized in the condenser and reboiler in 
order that they shall contribute the minimum dissolved metal ion 
to the sample? 
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Max Hecur.? In order to make this paper more readily 
understandable, the authors are requested to amplify the follow- 
ing items in their closure: 

The addition of the stripping column between the reboiler and 
the vent condenser represents a considerable improvement over 
the apparatus suggested by Messrs. Schwartz, Gurney, and 
Crossan,’ which produced a water containing about 0.14 ppm 
residual ammonia nitrogen. 

Operating Practice. The writer described in his paper (1) 
the utilization of a conductivity recorder for determining steam- 
condensate quality. This recorder was equipped with tempera- 
ture compensation and manual compensators for cell constant 
and carbon dioxide. Similar recorders are being employed for 
steam quality from boilers as well as vapor purity from evapo- 
rators. It is noted in the Hecht and McKinney patent,® in the 
J. K. Rummel patent,'® and in the Powell and McChesney pat- 
ent,'! that the apparatus and methods described in each are 
adaptable to continuous recording of specific conductance. 
The apparatus described by Schwartz and his associates, as well 
as commercially available degassifying units, are also adaptable 
for use with a recorder. 

Corrections to Observed Conductance. Inasmuch as the authors 
do not describe the conductivity apparatus used in their experi- 
ments, and since no standard temperature is indicated for the 
specific conductance values reported in the paper, it is pertinent 
to ask if the room-temperature observations were compensated 
to some standard temperature. This temperature should be 
specified. 

In view of the relatively large area of metals exposed in the 
authors’ apparatus to both steam and condensate and the rela- 
tively slow rate of flow of the fluids through the apparatus, have 
the authors verified that no heavy metal salts are introduced 
into the sample, which would require a “water correction?” In 
the writer’s experience the “water correction’? may amount to 
as much as 0.8 or 0.9 micromho at 25 C.!2 Rummel (2) suggests 
0.1 micromho. It is assumed by the writer, from an inspection 
of the paper,'® that Schwartz deducts 0.05 at 25 C from his ob- 
served conductance. Straub" reports values of 0.50 and 0.33 
micromho determined in steam condensate produced from a 
specially treated water. He used this supply for boiler-feed 
purposes in an experimental boiler and reports: ‘The specific 
conductance of the condensed steam was continually better than 
1 micromho.”’ Inasmuch as the authors describe special pre- 
cautions to render this supply free of all gases, the writer con- 
cludes that the value of 1 or less micromho, represents contami- 
nation of the steam condensate by heavy metal salts. (It 
should be noted that this value of 1 or less is considerably higher 
than the suggested water corrections reported by Rummel and 
Schwartz. The specific-conductance values reported by the 
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authors in this investigation were not referred to a standard 
temperature.) 

Although the authors do not use the ammonia corrections 
mentioned in the introduction to their paper, it should be pointed 
out that the value assumed by them is higher than experimen- 
tally determined values found by Rummel and by Schwartz. 
Rummel!’ found 7.3 micromhos per ppm nitrogen ammonia for 
ammonia alone in water, and 8 microminhos per ppm nitrogen 
ammonia for carbonated-ammonia solution. Schwartz!* re- 
ported 8 micromhos per ppm nitrogen ammonia. 

Nomenclature. It is observed that the terms ‘total dissolved 
solids,’’ “total solids,” and “dissolved solids’ appear to be used 
interchangeably throughout the paper. The following defini- 
tions!’ on water for industrial use are given by the American 
Society for Testing Materials: 

2 (e) Dissolved Solids.'8 ‘Dissolved solids’? comprise the 
dried residue from evaporation of the filtrate, after separation of 
suspended solids. 

2 (f) Dissolved Salis. “Dissolved salts” are the sum of the 
individually determined ions in a complete analysis. 

The terms “dissolved solids” and “dissolved salts’? are appro- 
priate for use and applicable to the subject matter discussed by 
the authors. 


A. E. Kirrrepce.!® Preceding a broad discussion of steam- 


sampling equipment the writer wishes to commend the authors_ 


on the compact and effective mechanical design of the equipment 
they had described, in the light of the purpose for which this 
equipment was developed. Reference to the field of applica- 
tion for which this equipment is designed is purposely made be- 
cause there is a fair distinction to be made between equipment 
designed to serve the single function of degasifying the steam 
sample for conductivity test and that for the dual function of 
both degasifying the steam sample for conductivity tests while 
yet permitting the collection of the separated gas for analysis. 
An appreciable demand for equipment of the latter type seems 
to be indicated by the need for detecting quickly the generation 
of hydrogen in high-pressure boilers and superheaters, resulting 
from the dissociation of steam; appearance of hydrogen in the 
sample, of course, indicating a dissociation and active corrosion 
by the free oxygen so liberated. 

It seems impossible to discuss a paper of this kind technically 
without first establishing a few points of fundamental fact. In 
any physical process of gas removal there is no possible design 
which can produce an absolute zero in fact. Different designs 
emphasize different advantages but, in such a process, depending 
upon a driving force between the solvent and the solute, the end 
point must, from the nature of the process, still have an actual 
if not measurable difference between the actual value, whether 
measurable or not, and absolute zero. Appreciation of this fact 
is necessary to give proper evaluation to the different methods 
of design of degasifying equipment. This paper emphasizes the 
use of clean steam for flushing the fractionating tower and a 
counterflow arrangement of the condensed sample and the flush- 
ing steam. Both of these elements are in themselves desirable 
features if they can be utilized without sacrifice of other desir- 


18 Data from curve prepared by J. K. Rummel and available 
through the courtesy of The Babcock & Wilcox Company, New 
York, N. Y. 
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17 “Tentative Methods of Reporting Results of Analysis of Indus- 
trial Waters,’’ D596-40T A.S.T.M. Book of Standards, Supplement 
1940, part 2, p. 541. 

18 The term ‘‘total dissolved solids” is not defined on pp. 56 and 
92 of Bibliography (4), but what appears to be an ambiguous defini- 
tion appears on page 151. 

19 Chief Engineer, Cochrane Corporatien, Philadelphia, Pa. 
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able features. The point we wish to make is that proper evalua- 
tion of all the elements entering into the degasifying process are 
necessary to determine the best cycle of operation for any particu- 
lar equipment. 

There are three basic factors to be considered in the design of 
degasifying equipment. These are: 


1 The creation of a satisfactory equilibrium condition. 
2 The selection of an advantageous operating temperature. 
3 The provision of an effective degasifying means. 


Equipments, designed to operate at relatively high vacuums 
and temperatures below 100 F, very easily produce satisfactory 
equilibrium conditions but are greatly handicapped by the 
higher viscosities of water at these temperatures. The higher 
viscosity of the water places a greater burden on the deaerating 
means in spite of the favorable equilibrium conditions. Degasi- 
fication at low temperatures can be accomplished but operates 
under a definite handicap. 

Operation of degasifying equipment at around atmospheric 
pressure with counterflow of steam and water provides a suitable 
equilibrium condition and utilizes the advantageously low vis- 
cosity of water at this temperature. In spite of the favorable 
equilibrium condition and operating temperature, the controlling 
limitation on the design of degasifying equipment for atmospheric 
operation will be the actual degasifying means. The latter is 
very apt to be handicapped and compromised in the design of 
small compact test equipment such as that under discussion. 

Because the limiting factor in the design of degasifying equip- 
ment is the third element of the three tabulated, the design of 
equipment of the writer’s company to be later described, utilizes 
the most effective degasifying means known, i.e., the atomizing 
method, at a very slight sacrifice to the most favorable equi- 
librium condition for the purpose of obtaining the greatest net 
effective result. 

If a condensed-steam sample, containing as much as 1 ce per | 
of oxygen is flushed with an equal quantity of steam at atmos- 
pheric pressure in an open chamber without a counterflow ar- 
rangement, all but 1 part in 100,000 of the dissolved gas in the 
liquid would be transferred to the steam, if equilibrium were 
reached. That is to say, when the quantity of flushing steam 
equals the quantity of condensate to be deaerated and the steam 
itself contains 1 ce per 1 of oxygen, the presence of that oxygen 
would support in solution in the liquid only 0.00001 ce per |. 
This value ranges somewhere between 0.2 and 1 per cent of the 
smallest quantity of oxygen that can be determined by any known 
test method. It emphasizes the fallacy of limiting equipment 
design to conditions which are theoretically advantageous but 
practically worthless. For the same reason, we choose to place 
emphasis, in the design of our equipment, on effective means of 
degasification. Similar values apply to other gases, proportion- 
ate to their solubility and inversely proportionate to their specific 
volume at the operating conditions. 

In contrast to the equipment presented by the authors, we 
wish to refer to equipment designed by the writer’s company to 
serve all the purposes of the former equipment and, in addition, 
to make possible selection of gases removed from the steam 
sample for analysis. In the foregoing, we have briefly outlined 
reasons for placing emphasis on the effectiveness of the deaerat- 
ing means as opposed to the obvious need of giving attention to 
satisfactory equilibrium conditions. In the degasification of a 
steam sample, involving the removal of carbon dioxide and am- 
monia, there is additional reason to use the most effective means 
of degasification possible. 

Solutions of both carbon dioxide in water and ammonia in 
water form loose chemical combinations of carbonic acid and 
ammonium hydroxide respectively. Each also ionizes the solu- 
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tion and the percentage of ionization of each dissolved gas in- 
creases as the total amount of gas in solution decreases. That 
part of either gas in solution as carbonie acid or ammonium hy- 
droxide unionized exerts a gas pressure and is available for re- 
moval. It is from this fraction of the total gas in solution that 
diffusion of the gas particles from the liquid to the flushing steam 
oceurs. It is apparent then that, as complete removal of the 
particular gas is approached, complete ionization of all the gas 
in solution is approached and the difficulty of removal of the re- 
maining gas increases tremendously. 

When dealing with a distilled-water sample, otherwise neutral, 
the presence of carbon dioxide will lower the pH value. As the 
carbon dioxide is removed, the pH value will rise toward the 
neutral point and the difficulty of removing the carbon dioxide 
will increase. On the other hand, the presence of ammonia in an 
otherwise neutral water sample will raise the pH value above 
the neutral point and the removal of the ammonia will lower the 
pH value and increase the difficulty of removal as the neutral 
point is approached. 

The illustrations accompanying this discussion show details 
of the steam-sample degasifier mentioned. 

The condensing and atomizing chambers, shown in Fig. 5, are 
8-in-diam eylindrical vessels made of stainless stee!. All parts 
of the equipment which contact the sample are stainless steel. 
The condensing and atomizing chambers are complete with re- 
lief valve, gage glasses, manometer connection, overflow connec- 
tion, sampling connection, cooling coil, ete. 

The pressure-control equipment consists of an 18-in-diam X 
12-in-high constant-head tank with a */,-in. float-operated regu- 
lating valve, two '/:-in, diaphragm-operated control valves, 
pressure regulator, air filter, pressure-reducing valve, constant- 
head chamber, and interconnecting piping and tubing for the 
operation of the controls. 

A separate vent cooler is provided for cooling dissolved gases 
and condensing any steam passing beyond the main condenser. 
Necessary water and vent piping is supplied between vent cooler 
and condensing chamber and vent cooler and control equipment. 
A cooled-gas outlet is supplied on the vent cooler. A fixed ori- 
fice is provided for reduction of steam pressure in the steam- 
sampling line ahead of the degasifier. 
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A 3/,in. swing check valve and a '/,-in. pet cock are provided 
in the overflow line to regulate flow of condensate from the de- 
gasifier and prevent inflow of air through the overflow connec- 
tion. 

Method of Operation. ‘The rate of steam sample supplied to 
the degasifier is controlled by a fixed orifice in the sampling line 
from the point at which the sample is taken, the orifice being de- 
signed to maintain a flow of 250 lb per hr. 

Referring to Fig. 5, the sampled steam first enters the atomiz- 
ing nozzle through the #/,-in. steam-inlet connection. The 
nozzle is designed to give the steam an appreciable pressure drop, 
approximately 50 psi. The energy thus made available serves 
to induce previously condensed steam to the nozzle, atomizing 
it thoroughly and removing the noncondensable gases from solu- 
tion. Steam and noncondensable gases travel upward in the 
atomizing chamber and over to the condensing chamber. A 
separator is built into the top of the atomizing chamber to pre- 
vent excessive carry-over of the condensed sample from the atom- 
izing compartment to the condensing chamber. In the condens- 
ing chamber, the steam is condensed and the condensate is with- 


/ (TYPE HH-In 
RELIEF 
lf CONTROL | VALVE 
/ VALVE 
if 
LW 
44 
OUTLET 
cooune | | | 
COIL 
| 
\ 
CONN. TO | 
ONSTANT= | 
SEE PLAN FOR 
CORRECT 
LOCATION 
343" 
OVERFLOW 
\""CONN. 
7 CONN. FOR 
GAGE GLASS 
SEE PLAN FOR 
CORRECT LOCATION 


drawn to the atomizing chamber through the !/2-in. piping and 
needle valve, connecting the bottom of the two compartments. 
The needle valve is adjusted to maintain a level of condensate in 
the condensing chamber, as indicated in the gage glass. 

The vent mixture is withdrawn, through the pipe extending 
to the bottom of the condensing chamber, to a small vent cooler 
where the remaining water vapor is condensed from the mixture, 
and the noncondensable gases cooled to approximately room 
temperature. The vent condenser and vent cooler are designed 
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to prevent appreciable accumulation of gases, so that the samples 
withdrawn can be analyzed without lag. 

A continuous overflow is maintained from the sampling device 
for removing condensate from the degasifier. The rate of water 
discharged through the overflow connection is controlled by an 
adjustable orifice in the form of a !/,-in. pet cock at the base of a 
2-ft leg. The variation in head on the orifice by the change in 
water level in the leg makes the orifice self-regulating. A check 
valve placed in the overflow line ahead of the orifice prevents air 
entering the atomizing chamber through the overflow connec- 
tion, in case the pressure within the degasifier falls below atmos- 
pheric. 

A '/.-in. sampling connection is placed at the bottom of the 
atomizing chamber for passing a sample of the condensed steam 
through a conductivity cell for determination of carry-over. 

Steam pressure in the degasifier is maintained at 2 in. of water 
by controlling the amount of cooling water flowing through the 
condensing coil and vent cooler. Cooling water first enters the 
constant-head tank through the */,-in. regulating valve which 
maintains a constant water level in the tank. There are two 
'/.-in. diaphragm-operated control valves for controlling the 
water flow. The first of these valves ahead of the degasifier has 
the diaphragm connected to the water line between the degasifier 
and the second valve, thus maintaining a constant water pres- 
sure at the inlet to the second valve. The second diaphragm- 
operated control valve is air-operated, being actuated by a pres- 
sure regulator briefly as follows: 

The pressure regulator consists of a diaphragm, the bottom of 
which is connected through a constant-head chamber to the con- 
densing chamber of the degasifier, and the top of which is con- 
nected to a leak-off valve. Air is supplied through an air filter 
and pressure-reducing valve, which maintains a constant pres- 
sure, ahead of the regulator, to the regulator. In passing through 
the regulator, air passes through a fixed orifice and then to the 
diaphragm on the second diaphragm-operated control valve. 
A leak-off valve is placed between the orifice and the diaphragm 
of the diaphragm-operated control valve. The pressure in the 
degasifier controls the position of the diaphragm of the pressure 
regulator which in turn controls the position of the leak-off valve, 
regulating the pressure under the diaphragm of the second dia- 
phragm-operated control valve. The leak-off valve on the pres- 
sure regulator is of the compensating type to prevent overtravel 
of the diaphragm-operated control valve. 


F. W. Quar.es.”° While others have used the principle of 
counterflowing condensate against the vapor, together with 
that of reboiling, in an effort to degasify and obtain the minimum 
amount of gases in solution in the condensed-steam samples, 
the writer believes that they have erred mainly in being too 
timid in the application of enough counterflowing and reboiling 
action. 

The diagram shown in Rummel’s paper (2) indicates that the 
degasifying action possible in the vent condenser was ignored 
and its effect on the results neglected also. 

It occurs to the writer that, regardless of the scheme used, the 
gas vents will be accompanied by vapor which in all probability 
will contain a negligible amount of soluble solid matter. This 
will cause the condensed sample reaching the conductivity cell 
to have a greater soluble-solids content than in the steam. Has 
it been determined that the correction for this in the authors’ 
apparatus is negligible? 

The main principle involved in almost all of the schemes of 
degasification is that recognized by the Henry-Dalton gas laws 


2 Assistant to Superintendent of Power Production Stations, 
Consolidated Gas, Electric, Light and Power Company, Baltimore, 
Md. Mem. A.S.M.E. 
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and concerns the equilibrium relationship between the amount of 
gas associated with the vapor and liquid phases of the water. 

Assuming equilibrium as calculated by these laws for two cases, 
one with 3 ppm of O, and the other with 3 ppm of NH; in the 
steam (with correction for dissociation in the case of ammonia 
and no undercooling of the condensate in either case), the amount 
of ammonia in the water solution would be of the order of 130 
times that of oxygen. 

In actual practice, equilibrium will not be reached because of 
the need of an infinite amount of surface, and the removal will 
be less complete than indicated. However, even in the case of 
ammonia the amount of removal by this method would seem to 
be worth-while and, on first thought, it would appear peculiar 
that the authors allow first that condensation take place in a 
small-bore tube where proper advantage of this action cannot be 
taken so that a greater duty is thrown on the scrubbing column. 
However, when consideration is given to the need for an extra 
amount of heat for reboiling and the difficulty of obtaining it 
from the sample-steam line without disturbing the concentra- 
tion of soluble solids in the sample reaching the conductivity 
cell, the value of this expedient can be appreciated. 
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Fic. 6 DrtaGRAM OF SIMPLE DEGASIFYING APPARATUS 


It may be of interest for the writer to present his idea of a 
simple apparatus shown diagrammatically by Fig. 6 of this dis- 
cussion, which was suggested to S. T. Powell in a private dis- 
cussion of the paper (3). 

The apparatus suggested can be assembled by plant mechanics 
from materials readily obtainable; use of 1'/,-in. IPS inner tube 
and 2-in. outer pipe with 1'/,-in. X 2-in. fittings being suggested, 
it being preferable to use a full 20-ft length of inner tube. The 
tube diameters, however, are dependent upon the amount of 
steam sample to be degassed. By employing this arrangement, 
the water can be kept in a thin film to allow quick diffusion of 
gas to the interface where maximum allowable steam-scrubbing 
velocity is maintained, allowing a small margin of safety against 
holdup of the condensate. Not only the condensing, but «lse 
the reboiling, is done counterflow in film form. 

It is considered desirable to heat-insulate the steam-sample 
line in order to have the steam enter the apparatus in a super- 
heated state and, thereby, boil off some of the condensate in the 
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STRAUB, NELSON—DEGASIFYING STEAM CONDENSER FOR CONDUCTIVITY DETERMINATIONS 


middle section which to some extent corresponds to the middle 
section of the authors’ equipment. 

The reducing nozzle, it is believed, cannot very well be used 
for total pressure reduction, it being used mainly for the purpose 
of causing a swirling action of the steam, thereby increasing tur- 
bulence and quickly removing the gas which has diffused into 
the gas-vapor film at the interface. 

It is obvious that other forms of heat may be used for the re- 
boiler section equally as well as steam heat. The vertical height 
necessary for this design and the necessity for a separate heat 
supply for reboiling, however, are points against it when com- 
pared to that of the authors, assuming a 20-ft-length tube to be 
necessary. 

To the writer, it seems remarkable that the authors’ apparatus 
san produce adequate results in so short a vertical distance, 
since he had visualized a 20-ft vertical distance as about right. 

The writer wishes also to point out that such equipment is well 
suited for analyzing the gaseous content of the steam, since good 
removal is obtained. 


J. B. Romer.” Ever since J. K. Rummel developed the 
Babcock & Wilcox degasifying condenser, which he reported in 
his paper (2), there has been a great deal of comment regarding 
the corrections necessary. This comment has, in numerous 
cases, taken the form of questioning the ability to correct when 
both ammonia and carbon dioxide are present. The writer 
would like to make it quite clear at this point that, when this 
piece of apparatus is properly operated, the carbon dioxide is 


21 Chief Chemist, The Babcock & Wilcox Company, Barberton, 
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completely eliminated and proper correction can be applied for 
the residual ammonia. 

By applying the principles of perforated-plate rectifying 
columns to the condenser described, the authors have made a 
contribution to the art which is well worth-while and gives us a 
compact piece of equipment which does not require correction 
factors and, hence, permits the attachment of a direct-reading 
recorder. 

One of the serious problems formerly encountered was that of 
convineing the boiler owner or engineer that the conductivity 
method was reliable, his objection being that the correction 
amounted to as high, in some cases, as 90 per cent of the total 
reading. This objection has been overcome by making several 
comparative studies of the quality of steam condensate. The 
conductivity of several samples of steam condensate was first 
determined and then large volumes of the same condensate were 
carefully evaporated and the residue carefully analyzed by exact 
analytical methods. We found that the results checked within 
satisfactory limits and thereby overcame the objection to correc- 
tion factors. As a result, conductivity is now a recognized 
method for determining the quality of steam condensate. 


AvTHors’ CLOSURE 


The stainless steel (18-8) is utilized in the condenser wherever 
the metal is in contact with steam or the condensate. In tests 
which have been run in the laboratory we have been able to ob- 
tain a product from the condenser having a specific conductance 
of 0.18 micromho at 25 C. This would indicate that there is 
a minimum amount of dissolved metal ion in the sample. The 
results which have been reported in this paper have all been 
corrected to 25 C. 
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A High-Temperature Bolting Material 


By A. W. WHEELER,’ SCHENECTADY, N. Y. 


In the process of providing new materials or old with im- 
proved heat-treatments to withstand the increasing tem- 
peratures employed in present-day steam turbines, many 
studies are being made on alloy steels and their heat-treat- 
ment which are most suitable for use as bolting material. 
This paper reviews a series of tests on heat-treatment, 
creep, rupture, and hardness, together with the applica- 
tion of the results to bolting-material practice. 


ITH the increasing temperatures for which steam tur- 

V) \ bines are being designed, it becomes necessary to pro- 

vide new materials or old materials with improved 
heat-treatments to insure equally successful operation under 
the more severe conditions of service. 

The problem of heat-treatment must be given most careful 
consideration. However, heat-treatment is only of the 
essential factors in the production of steel for high-temperature 
use. Perhaps the most important factor, and one not so uni- 
formly controlled, is the melting practice. With the different 
types of furnaces now in common use, the methods of deoxidizing 
and adding alloying elements have a direct bearing not only upon 
heat-treating characteristics, but upon the physical and creep 
properties and the struc tural stability under high temperature. 

In the development of steel by composition and heat-treatment 
for high-temperature operation, account must be taken of all the 
service requirements. The final acceptable result for any type of 
steel will probably be something of a compromise between the 
various properties, as it is not possible to have all properties meet 
the maximum values. 

The tests covered in this paper are as follows: 


one 


1 Effect of heat-treatment on room-temperature physical 
properties. 

2 Long-time high-temperature creep tests of the relaxation 
type. 

3 Long-time rupture tests at high temperature. 

4 Effect of time at high temperature on room-temperature 
hardness. 


re 


Heat-TREATING TEsTS 


The series of heat-treating tests covered in this paper was made 
on a material which has been on the market for a number of years, 
and the manufacturing processes are well established. 

Tests were made on a 4-in-diam bar stock, electric-are furnace 
heat, of the following composition: Carbon 0.45, chromium 0.99, 
molybdenum 0.35, vanadium 0.26, manganese 0.61, and silicon 
0.32. 

The quenching part of the heat-treatment was done on the full- 
size stock, after which each piece was split into quarter segments 
for the different draw temperatures. The test coupons were 
taken out about half way from the center to the outside of the bar. 

These tests were undertaken primarily to find thé required 
heat-treating cycle to improve the notched impact strength, since 
this is a bolting material which must have high sharp-notch im- 


' Turbine Engineering Department, General Electric Company. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on Properties of Metals, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THz AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


pact resistance. Complete physical-test results on the heat- 
treating series are shown in Table 1 

Figs. 1 to 5, inclusive, present graphically the effect of heat- 
treatment on the physical properties at room temperature. Of 
these, Figs. 1, 4, and 5 show the effect of draw temperature on 
elastic limit, impact strength, and elongation, respectively. 

While all of these charts indicate definite trends, perhaps the 
most striking is Fig. 2, which shows a definite optimum quenching 
temperature of 1650 F for the highest Charpy strength, regardless 
of the rate of cooling. Transposing these same data to show rela- 
tionship between elastic limit and Charpy impact strength, as in 
Fig. 3, it will be observed that impact strength increases with in- 
crease of cooling rate in the quench and that there is a parallelism 
between the results obtained with the Charpy specimen and with 
the 60-deg V-notch specimen. The standard keyhole specimen is 
10 mm square and 50 mm between bearing points. The notch 
exactly cuts the specimen in two, leaving a net section which is 
5mm by 10mm. The V-notch impact-test piece is the same size 
as the standard keyhole Charpy specimen, but with a 60-deg 
sharp notch and a net area of cross section which is the same as 
that of the standard keyhole Charpy. This type of specimen 
was used for testing bolting material for two reasons, i.e., the 
type of notch closely approximates in shape the American Na- 
tional Standard thread, and the net section of the specimen, being 
the same as that of the keyhole specimen, facilitates comparison. 

Standard keyhole Charpy and 60-deg V-notch impact tests 
were also made at various temperatures up to 1000 F. Results 
are shown in Fig. 6. It will be noted that this material is not 
sensitive to notches at high temperatures. 

In order to try the effectiveness of heat-treatment in the larger 
sizes of stock, physical tests were made on specimens taken from 
points at different distances from the center of a 6%/,.-in-diam 
bar of composition and heat-treatment as shown in Fig. 7. The 
elastic limit of thesé specimens varied from 105,000 psi on the 
center specimen to 110,000 psi on the outer specimen, as shown 
graphically in Fig. 7. The dilatation curve Fig. 8 shows linear 
change under heating and cooling. 


CrEEP TESTS 


A program of creep testing was started prior to the heat-treat- 
ing investigation. Table 2 shows the chemical composition and 
heat-treatment of the creep specimens, and Table 3 contains the 
“before-creep” and “after-creep” physical properties. A sum- 
mary of results of creep tests at various test temperatures is 
given in Table 4. All creep tests were relaxation tests.made by 
the step-down or “flow-rate” method,? the total elastic plus plas- 
tic extension being limited to 2 mils per in. 

Log-log stress-time plots were made for each item, also log-log 
stress-creep rate. Figs. 9 to 14, inclusive, show these results. 

Micrographs at 1000 were made on items Nos. 863 to 870, 
inclusive, showing the structures before and after creep tests at 
950 and 1000 F, Figs. 15 to 18, inclusive. There is no appreciable 
change in any of the specimens except the air-cooled item No. 864, 
Fig. 15, which had 2545 hr under stress at 1000 F. The after- 


2 For a more complete description of this method, see Progress 
Report by Subcommittee for Project 16 of the A.S.M.E.-A.S.T.M. 
Joint Research Committee on the Effect of Temperature on the Prop- 
erties of Metals entitled, ‘‘The Resistance to Relaxation of Materials 
at High Temperature,”’ by Ernest L. Robinson, Trans. A.S.M.E., vol. 
61, 1939, pp. 543-554. 
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TABLE1 PHYSICAL 70 F FOR HEAT-TREATING 


(All stresses in pounds per square inch) 


TENSILE /ELASTIC | ELONG | RED A 
STRENGTH | Limi T iN 

140600]101000] 195 | 
129400 21.5 | 546 
100900 26.0 | 606 
150900 | 516 
134600 21.0 | 57.4 
105100 25.5 | 616 
146600 16.5 
133400 200 
105 100 27.0 
159100 17.0 
141600 195 
106 100 245 
143700] 107000] 18.5 
135200] 104000] 19.5 
126900] 95000] 21.5 
114400] 86000| 24 5 
156 100] 107000] 185 
144100] 104000] 19.0 
113900] 83000| 23.5 
174400] 116000} 165 
154600] 113000] 185 
114100] 83000] 235 
168600| | 07000] 15.0 
1$4900] 104000} 15.5 
120400] 83000] 19.0 
184800] 113000] 145 


WEAT TREATMENT 


IS6OF BHR.AC,INIOF 4HR FC 
IS60F BHR.AC,IZO0F4HR FC 
1560 F_ BHR AC,|290F 4HR. FC 
1560 |OF 4HR FC 
IS6OF BHR 0Q,!200F. 4HR FC 
BHR 4HR. FC 
1650 4HR. FC 
1650 F. 8 HR AC,|200F 4HR. FC. 
1650 F_ HR.AG,|290F 4HR.FC. 
1650 F FC. 
1650F BHR.0Q,|200F 4HR FC 
BHROQ,I290F 4HR._ FC. 
1650 F. BHR 4HR FC 
I650F BHR.WQ,I200F 4HR FC 
1650 BHRWOQ,1245F 4HR. FC. 
1650 F_ BHR.WG,I290F 4HR._FC 
I740F. 4HR FC 
IT40F BHRAC,I2Z00F FC 
4HR. FC 
IT40F. OF 4HR.FC 
I740F BHROQJ2O0F 4HR. FC 
I740F BHR.OQ,I290F 4HR_FC 
1920F 4HR FC 
1920 F. BHR. AC,|200F 4HR.FC 
| 920 F. HR.AC.I290F 4HR. FC. 
1920 F BHROG,I| IOF4HR FC. 
I92O0F BHR.PQ,I200F 4HR FC. | 170600] 116000] 15.0 
I92OF. BHR DQJZ90F4HR FC | 118600] 83000] 220 


MEAT TREATMENTS MADE ON 4 IN DIAM BAR 
CHEMICAL COMPOSITION -0 45C, 0 99CR,0.35MO.,0 26V O6IMN,O32SI 
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Fic. 5 Errect or DrawiInG TEMPERATURE ON PERCENTAGE OF 
ELONGATION FOR VARIOUS INITIAL QUENCHES 
(Refer to Table 1.) 
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LOCATION OF SPECIMEN 
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Fig. 7 D1aGRaM SHOWING VARIATION IN Exastic Limit IN SPECI- 


MENS TAKEN FROM CENTER TO OUTSIDE OF 62/15-IN-D1AM Bar 


(Chemical composition: 0.44 C, 0.53 Mn, 0.22 Si, 0.97 Cr, 0.31 Mo, 0.25 V, 
0.012 P, 0.018 S. Heat-treatment: 1650 F for 8 hr, oil-quenched; 1250 F 
for 4 hr, air-cooled.) 
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WHEELER—A HIGH-TEMPERATURE BOLTING MATERIAL 


TABLE 2 COMPOSITION AND HEAT-TREATMENT OF CREEP 


SPECIMENS 
ITEM |DIAM OF [CHEMICAL COMPOSITION 
c.[cr|Mo|v “EAT TREATMENT 
810 ' 6 [044 (022/056/022 ||740F BHR. 0G, !200F -2 HR FC 
637; | 046/095 044/02 I74OF BHR. AC,J200F -2 HR.FC. | 
638 I740F BHR. AC. I200F - 2HR FC 
4 * 2 2HR. AC, - 2HR FC. | 
4 ISSO F. BHR. “BHR. FC. | 
BHR 00,1200F “BHR FC | 
4 (0.46 /a99/035 165OF BHR WO, 1250F - 4HR.FC. 
664 45/099/035) ITOOF 2WR AC JIGOF-2HR FC 
666] 4 * 165OF BHR. 0Q,!200F - BHR FC. 
4 45/099/035 1650F BHR OQ, !200F - BHR FC. 
e70| 4 1650 BHR. WO, I250F - 4HR.FC. 


* HEAT TREATED HALF SEGMENT OF 41N. DIAMETER BAR. 


TABLE 3 PHYSICAL PROPERTIES AT 70 F OF SPECIMENS 
BEFORE AND AFTER CREEP TEST 
‘TEM | TEST ATION TENSILE | ELASTIC] ELONG | RED A MOD OF 
no | DEGF | HOURS | CONDITION | LimiT % LB TEST 
BEFORE CREEP | 198800 [1640001 155 | 550 | 145 
932 | 3375 CREEP] 103000 [146000] 16.4 | 461 | 145 [77000000 
BEFORE CREEP | 159000 [113000| 180 | 489 | 126 
932 | 3870 creep [163000 |116000| 155 | 479 | 379] 
BEFORE CREEP |147400 |116000| 185 | 534 | i386 
70 000 
932 | 3870 creer|180000 116000] 160 | so7 is1 
BEFORE CREEP | 149200 [107000| 185 | 514 | 195 
950 | 2503 J 22700000 
AFTER CREEP| 146900 |116000| 193 | 533 | 117 
BEFORE CREEP | 152700 /110000/ 165 | 544 | 337-36l 
865; 950 | 2503 CREEP|145100 [116000] 17.9 | 600 | 345 
BEFORE CREEP [131900 | 95000| 2:0 | 560 | 299 
867; 950 | 2503 CREEP 1154200 11000001 200 | 605 | 256 
BEFORE CREEP|130700| 95000| 215 | 546 | 410 
990 | 2503 [AFTER CREEP[131000| 97000] ze | 622 | |*7200000 
EF ORE CREEP 1149200 1107000| 165 | 514 | 195 
864) 1000 | 2545 creep {140500 [1020001 200 | 834] 139 ]-'400000 
BEFORE CREEP|152700|110000| 165 | 544 
866/ 1000 | 2545 creeP|137000 [108000] 200 | 600 | 317 ‘200000 
BEFORE CREEP [131900 |-95000| 210 | 560 | 299 
868/ 1000 | 2545 creer] 127000] 93600| 207 | 608 | a6 
| 130700 | 98000; 2:5 | 546 | 410 
870] | 4 20700000 
ER CREE 00 [100000| 236 | 615 | sé! 
TABLE 4 CREEP-TEST RESULTS 
(All stresses in pounds per square inch) 
RES!OUAL CREEP CREEP on on 
S STRENGTH STRE } 
NO | DEG F lar PER Rave 
gio | 932 20400 20300 27070 60 7.0 
@37 | 932 21800 21500 | 28700 72 
| 932 23200 23200 | 29700 10.45 9.45 
| 950 16500 16400 21960 80 70 
865 | 950 14000 13700 18300 7.75 675 
667 | 950 17000 17000 22480 7.75 675 
| 950 13400 13900 18000 9.0 x) 
664 | 1000 8600 6700 73800 50 ao 
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creep specimen shows an apparent increase in ferritic areas due to 
carbide spheroidization and migration of carbon to the grain 
boundaries, resulting in considerable loss in the initially low 
Charpy strength. 

It is recognized that creep strength falls off as the quenching 
rate increases, but the Charpy impact strength increased with the 
higher quenching rate. The oil-quenched treatment finally 
selected for commercial bolting is a compromise between creep 
strength and Charpy impact strength, sacrificing slightly in creep 
strength to provide much greater impact strength and, in addi- 
tion, greater structural stability. 


Rupture TEsts 


Long-time rupture tests’ were made at 900 and 1000 F on ma- 
terial like creep-test item No. 866, which had been oil-quenched 
and drawn. In running a long-time rupture test, a series of bars 
is pulled at successively lower stress, and periods of sojourn at 
high temperature, required to cause failure, are plotted on log-log 
paper to enable prediction of a long-time strength. At 900 F, 
the fractures were always transcrystalline, the longest time for 
fracture being about 5000 hr under 60,000-psi stress. At 1000 F, 
the fractures were transcrystalline up to 1200 hr, with the first 
intercrystalline failure occurring at 3400 hr. 

Comparative tests made on normalized material, like creep-test 
item No. 864, showed transcrystalline failure up to 140 hr and 
intercrystalline failure at 310 hr. 

These rupture tests are conducted like regular constant-stress 
creep tests so that elongation-time plots, as well as stress-time 
plots, can be made. 

Plotted results of rupture tests at 900 F on oil-quenched and 
drawn material are shown in Fig. 19 and at 1000 F in Fig. 20. 
Results of rupture tests on normalized material at 1000 F are 
shown in Fig. 21. 


CoRRELATION OF CREEP AND RuprureE TEstTs 


Fig. 22 shows the results of creep and rupture tests in relation 
to each other, comparing the creep rate of 1 per cent per 100,000 
hr to the 160,000-hr rupture strength, as determined by extrapo- 
lation of the observed data. Structural changes in the ma- 
terial beyond the time of longest test may change the results but 
that is a matter of conjecture. It will be noted that the ratio 
between creep strength and rupture strength is greater in the case 
of the normalized material than for the oil-quenched material, but 
this is quite possible because of structural difference and is a 
metallurgical phenomenon which is hard to explain at the present 
time. 

After a larger number of comparative creep and rupture tests 
have been made, perhaps something more definite can be deter- 
mined in this creep-rupture relationship, but it is the belief of the 
author that changes of heat-treatment, differences in melting 
practice, and even slight changes in some alloying elements in the 
composition, will greatly affect the ratio of creep strength to 
rupture strength. 

Harpness TEsts 


Tests were made to determine the effect of time and tempera- 
ture on the hardness of chromium-molybdenum-vanadium bolt 
material. The composition of the bar tested was carbon 0.45, 
chromium 0.98, molybdenum 0.35, vanadium 0.27, manganese 
0.57, and silicon 0.28. 


3 For a more complete description of methods of running long-time 
rupture tests refer to ‘‘The Fracture of Carbon Steels at Elevated 
Temperatures,”’ by A. E. White, C. L. Clark, and R. L. Wilson, 
Trans. American Society for Metals, vol. 25, September, 1937, pp. 
863-888; also “Fracture of Steels at Elevated Temperatures After 
Prolonged Loading,”’ by R. H. Thielemann and E. R. Parker, Metals 
Technology, April, 1939, Technical Publication No. 1034. 
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5 MrcroGRAPHS SHOWING CreEEP-TestT ITeEmMs Nos. 863 aNv 864 Berore Creep, No. 863 ArTeR Creep at 950 F, anp No. 864 


AFTER CREEP AT 1000 F 


(Heat-treatment before creep test, air-cooled from 1700 F and drawn at 1180 F; etched with 5 per cent nital; 


1000.) 


hig. 16 


Three bars, 3'/i5 in. diam, were oil-quenched after 8 hr at 1640 
I. Rockwell B hardness tests were then made. The bars 
which were identified as bars A, B, and C were then drawn at 
1110, 1200, and 1290 F, respectively. After a 4-hr draw, a quar- 
ter segment was cut from each for complete physical tests. The 
draw was then resumed. At the end of 129 hr, a second quarter 
segment was taken from bar C. At 291 hr, a second quarter was 
taken from both bars A and B, and a third quarter from bar C. 
At 1000 hr, another segment was taken from each bar, completely 
using up bar C, and leaving a final quarter of bars A and B, which 
Were re-treated with the initial quench, followed by the 4-hr draw. 
Results of physical tests made throughout this investigation are 
shown in Table 5. It will be noted that the elastic limit on the 
re-treated specimens is considerably higher than that obtained in 
the initial heat-treatment. This is due mostly to size effect. 
The initial heat-treatment was made on a 3-in-diam bar and the 


MicROGRAPHS SHOWING CreEEP-TeEst ITEMS Nos. 865 anp 866 Berore Creep, No. 865 Arrer Creep aT 950 F, anp No. 866 
AFTER CREEP AT 1000 F 
(Heat-treatment before creep test, oil-quenched from 1650 F and drawn at 1200 F; etched with 5 per cent nital; X 1000.) 


TABLE 5 PHYSICAL PROPERTIES AT ROOM TEMPERATURE 
FOR HARDNESS-TEST SERIES 


(All stresses in pounds per square inch) 


IMPACT FTL 


ITEM TENSILE | ELASTIC | ELONG 
HEAT TREATMENT ICHARPY |V-NOTCH 


NO STRENGTH LIMIT 
1650F BHROQ 
BHRO,IIOF 4HR FC [163200 
[ISSOF BHR.OQ, 291HRFC. | 128900 


RED A 
IN 2IN% * 8 


110 O 57-163) 61-56 
102.0 |3373431233-240 


123000] 160 | 51.8 
190 | 


BHROQ, WOOHRFC! 116200 |100400| 210 | 598 369-390) 
165OF BHR OQ, IOOOHRFC! 
1650F 4HRFC 1188900 |145400| 160 | 500 70-80 
1650F BHROQ,I2Z00F 4HRFC [137200 [113200] 20.5 | 57.0 [065 


1650F BHROQ, 291 HR FC| 103400 


85400 | 260 63.4 975 
85400 | 25.0 5683 


B BHROQ, I200F OOOHRFC! 97400 

I650F BHR OQ, OOOHR FC. 

8HR.OQ,|200F 4HR FC 1157700 |i43900| 185 | 567 [109 

1650F BHROQ, I290F 4HR FC.| 118500 | 95200 | 220 | 630 [1015 
[ISSOF SHROG, i290FI29 HR Fc] 97400 | 64700 | 285 | 63.0 | 935 


IGSOF BHROQ, I290F 29IHRFC| 89900 | 75700 | 265 546 
I650F BHROQ, I290F IOOOHRFG 80900 | 70400 | 275 48.6 


BAR STOCK-3" DIAM CHEMICAL COMPOSITION - 0.45C,098CR,O 35 Mo,0-27V, O 57Mn,0 28 Si 


final treatment on a quarter segment of the 3-in. bar. Some im- 
provement might also be caused by diffusion which broke up the 
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Fic. 17 MicroGrapHs SHOwING Creep Test Irems Nos. 867 AND 868 Berore Creep, No. 867 Arrer Creer at 950 F, ano No. 868 
AFTER CREEP aT 1000 F 
(Heat-treatment before creep test, oil-quenched from 1650 F and drawn at 1200 F; etched with 5 per cent nital; 1000.) 
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MicroGraPpHs SHOWING Creep-Test ITems Nos. 869 anp 870 Berore Creep, No. 869 Arrer Crepp at 950 F, anp No. 870 


CrEEP at 1000 F 
(Heat-treatment before creep test, water-quenched from 1650 F and drawn at 1250 F; etched with 5 per cent nital; 1000.) 


original banded condition. 
of draw temperature and time upon the elastic limit. 
of 1000 hr, the structural differences for the three drawing tem- 
peratures are reflected in the relative values of elastic limit. 
Micrographs showing structural changes were made for each of 


Fig. 23 shows graphically the effect 
At the end 


the three draws after 4, 481, and 1000 hr. These are shown in 
Fig. 25. Referring to Table 5, it will be noted that, in the com- 
pletely spheroidized state, as shown in micrograph C-1000, the 
minimum Charpy value is 13.3 ft-lb. Note also that the Charpy 
strengths of C-4 and B-481 are the same, though B-481 is par- 
tially spheroidized. 

Another interesting thing to note is the effect on impact 
strength of the different draw temperatures, which is shown 
graphically in Fig. 24. The plotted results of the hardness tests 
are shown in Fig. 26. 

As this is a precipitation-hardening material, Rockwell B hard- 
ness tests were made at intervals in an effort to determine the 
elapsed time for precipitation-hardening at the various draw 


temperatures. It will be noted that for the 1110 F draw, there 
are three periods of precipitation-hardening shown, the first 
occurring in 4 hr or less. This first period does not show in the 
1200 and 1290 draws because it was over before 4 hr had elapsed 
and softening had begun. These three periods may be caused by 
each of the three alloying elements, chromium, molybdenum, and 
vanadium combined with carbon or even other more complex 
carbides. 


CONCLUSION 


This series of tests might be extended indefinitely and the 
results qualified to some extent. Different sizes of bar stock will 
show a difference in creep and rupture strengths and of course the 
physical characteristics will vary. Since these tests were made on 
4-in-diam material, it is assumed that the results are applicable 
to large sizes of bolts, but any variation in properties of smaller 
sizes is safely covered in allowable working stresses. 

(Figs. 19-26 follow on pages 661 and 662) 
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(Test temperature 900 F; material oil-quenched and drawn like creep-test 
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item No. 866; refer to Fig. 12.) 


10000 


z 
3 — — — 
e 0 100 1000 10000 100000 
TIME - HOUR 
RUPTURE CURVE AT IOOOF 
20 
‘or T Ht 1 t 
44+ 
+ 
pas 
| 
w 
\ 10 100 1000 10000 100000 
TIME -HOUR 
ELONGATION - TIME TO RUPTURE 
Fig. 21 Lono-Time Rupture Test B7A: PLots SHOWING 


Stress Versus Time TO RuprurE AND ELONGATION VERSUS TIME 


(Test temperature 1000 F; material air-cooled like creep-test item No. 864; 
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refer to Fig. 11.) 
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Heat-treatment before draw, 1650 F for 8 hr, oil-quenched; refer to Table 5.) 
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(Test temperature 1000 F; material oil-quenched and drawn like creep-test 
item No. 866; refer to Fig. 12.) 
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TEST SERIES, C 
Fig.25 MicroGrapus SHOWING STRUCTURAL CHANGE IN MATERIAL, OIL-QUENCHED FoR 8 Hr, From 1650 F, Fottowrep sy Various 
DRAWING TEMPERATURES, SPECIMENS UNSTRESSED, X 1000 


(Series A was drawn at 1110 F; items Nos. A-4, A-481, and A-1000 had 4, 481, and 1000 hr, respectively. Series B was drawn at 1200 F; items Nos 
B-4, B-481, and B-1000 had 4, 481, and 1000 hr, respectively. ag C was ae at 1290 F; items Nos. C-4, C-481, and C-1000 had 4, 481, and 
1000 hr, respectively. 


Fic. 26 (Ricut) Errect or Drawinc TIME AND TEMPERATURE ON 
RockweE B HarpNEss 


(Heat-treatment before draw, 1650 F for 8 hr, oil-quenched. Chemical composi- 
tion: 045 C, 0.98 Cr, 0.35 Mo, 0.27 V, 0.57 Mn, 0.28 Si. Refer to Table 5 for 
physical properties at start and after various draw times ) 
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Discussion 


A. J. Herzic* ano R. L. Witson.6 The author has directed 
attention to several aspects of the selection of bolting steels for 
high-temperature service which are not generally appreciated. 
Certainly there is slight agreement as to what constitutes an 
acceptable standard for judging the merits of a high-temperature 
bolting steel, but there is a growing realization of the many com- 
promises which may have to be made in the choice of a material 
for a particular application. 

The problem in searching for a good high-temperature bolting 
steel is to find a material having high strength at elevated tem- 
peratures combined with high room-temperature elastic strength, 
stability on heating, satisfactory notch toughness, and good 
machinability. It is also important to obtain these desirable 
properties in the heat-treatment of sizes ranging from 1/, to 4 in. 
or more with consistent uniformity both in the section treated 
and from lot to lot. High temperature strength would mean 
either the reluctance to relaxation of stress for a fixed strain 
or would be measured by the creep strain under constant 
stress. 

From the rather meager data available it would seem that the 
constant-stress tests show somewhat higher relative strength val- 
ues for air-treated as against quenched steels than are reported 
in the relaxation tests. This may be due to a persistent effect 
of a high initial rate of straining in the down-step test. At any 
rate there is ample evidence, supported by this paper, to indicate 
a preference for air-treated bolting steels to obtain best high- 
temperature strength were it not for the variation of room-tem- 
perature mechanical properties when the same heat-treatment 
is applied to a range of sizes. 

We are now aware that seemingly small changes in micro- 
structure can cause significant differences in mechanical proper- 
ties, particularly the notch toughness and creep of steels. The 
microstructure and related properties will thus be changed by 
variations in chemical composition of the steel and by the rate 
of cooling in different sizes and media. For any preferred micro- 
structure, the problem thus becomes one of hardenability of the 
steel. The hardenability of the steel can be changed by suitable 
adjustments in the chemical composition to produce the desired 
microstructure and associated properties by any kind of heat- 
treatment. 

Since the normalizing and tempering treatment gives the high- 
est strength at elevated temperatures, bolting materials should 
preferably be heat-treated in this manner by adjusting the com- 
position to give a good compromise of room-temperature elastic 
strength and notch toughness, depending upon the sizes involved. 
Best all-round results will be achieved by using a normalizing 
temperature below the coarsening range, and increasing the hard- 
ening elements in the steel as section size increases. This might 
be handled commercially by selective application of steels to 
several size ranges. 


J. J. Kanter.* The bolting steel upon which the author re- 
ports his extensive and valuable data conforms to a composition 
which has been known since 1936, as grade B14.7_ The chemical 
requirements for B14 steel as established in A.S.T.M. Specifica- 
tion A193-40T are as follows: 


‘Climax Molybdenum Company, Canton, Ohio. 

° Metals Engineer, Climax Molybdenum Company, Canton, Ohio. 
Mem. A.S.M.E. 
‘ ‘ Research Laboratories, Crane Company, Chicago, II. 
A.S.M.E. 

’“Tentative Specifications for Alloy-Steel Bolting Materials for 
High-Temperature Service From 750 to 1100 F Metals Temperature,” 
A193-40T, American Society for Testing Materials, 1936. 
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Element Per cent 
0.40 to 0.70 


Minimum tensile requirements established for normalizing 
heat-treatments for sizes up to 21/2 in. diam and various draw 
temperatures are given in Table 6. 


TABLE 6 MINIMUM TENSILE REQUIREMENTS FOR NORMAL- 
IZING AND VARIOUS DRAW TEMPERATURES 


Minimum Tensile Yield Elongation Reduction 
draw temp, strength, strength, in 2 in., of area, 
) psi psi per cent per cent 
1000 145000 120000 14 45 
1100 135000 115000 15 45 
1200 125000 105000 16 50 


The properties obtained upon this steel, utilizing an air quench 
or normalize followed by a draw at 1200 F, are particularly nota- 
ble as representing the class C physicals of A.S.T.M. Specifica- 
tion A96-39, which have long been recognized as desirable in high- 
strength bolting materials. This steel B14 was introduced into 
general high-temperature use upon the discovery that it re- 
sponded to the normalizing treatment in such a manner as to 
attain exceptional creep and relaxation resistance at high tem- 
peratures and yet possess the high elastic strength implied for 
class C A96-39, i.e., 105,000 psi minimum yield strength. 

Numerous alloy bolting steels were found which developed good 
creep strength upon normalizing and drawing at 1200 F (the 
lowest draw permissible for 1100 F service according to Spec. 
A193), but which failed to attain the elastic strength so essential 
to a good bolting steel. The chromium-molybdenum-vanadium 
composition was found to respond to tempering after normalizing 
in an entirely different manner from a chromium-molybdenum 
steel of equivalent composition but without a vanadium content. 
The B14 composition was found actually to increase in hardness 


Hardness 


Curve 1 - Di of the 
—:—-— Curve 2 Precipitation hardening 
caused by special carbides 


ee Curve 3 - Tempering Curve 
of a Vanadium Stee! 


Fic. 27. DiaGRamM REPRESENTING SUPERPOSED PHENOMENA WHICH 
Occur ON TEMPERING VANADIUM STEEL QUENCHED From Hi1GH 
TEMPERATURES 


upon drawing at 1200 F. Whereas, its ‘‘as normalized” hardness 
might be about 280 Brinell upon tempering at 1200 F, this in- 
creased to about 300 Brinell. This effect has been explained for 
vanadium steels by Houdremont, Bennek, and Schrader® as being 
due to precipitation hardening caused by separation of special 
carbides. Usually an air-hardening steel progressively softens 


5 ‘Hardening and Tempering of Steels Containing Carbides of Low 
Solubility, Especially Vanadium Steels,” by E. Houdremont, H. 
Bennek, and H. Schrader, A.I.M.E. Technical Publication No. 585, 
Class C, Iron and Steel Division, 1934. 
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upon tempering due to the decomposition of martensite. Air- 
quenched B14 steel, however, seems to be hardened by a precipi- 
tation process which overcomes the softening tendency due to 
martensite decomposition, schematically illustrated in Fig. 27 of 
this discussion. 

In Fig. 8, the author shows a dilation curve for the furnace cool- 
ing of the steel at 240 F per hr. This curve does not give a rep- 
resentative picture of the cooling transformations of this steel at 
the cooling rates obtained in the size of sections used for bolts 
when air-cooled. The author’s curve, Fig. 8, shows complete 
transformation at Ar’, which represents a completely pearlitic 
structure, whereas, in the air-cooling of sizes up to 2'/2 in. diam, 
the rate is usually rapid enough at least partially to suppress the 


On 5.50° diameter only (D) 
2 
O Ovtermost portion 
M Midway, edge to center 
C Center 


Oil Quench 


Fic. 28. Errect oF DrawinG TEMPERATURE, SIZE OF SPECIMEN, 
AND TYPE OF QUENCH ON PuysicaL CHARACTERISTICS OF B14 Bo.t- 
ING STEEL 


transformation to Ar’’ with formation of some martensite. A 
complete investigation of the critical cooling rates of B14 steel is 
presently under way at the Crane research laboratories which 
have so far demonstrated that oil quenching in the steel is not, 
in any but the large diameters, necessary to effect an Ar” trans- 
formation. 


TABLE 7 CHEMICAL ANALYSES OF TEST SPECIMENS 


Mo, Vv, 
percent per cent 


Analysis Diameter, Cc. Cr, 
no. in. Marking per cent per cent 
259391 
259392 
259393 
259394 
260325 
260326 
259394 
258440 


ecoceoco 


ABLE 8 HARDNESS OF SAMPLES IN QUENCHED CONDITION 


Hardness 

Bhn———. 

Sample Type of quench 
Normalize 
Oil-quench 
Normalize 
Oil-quench 
Normalize 
Oil-quench 
Normalize 
Oil-quench 
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TABLE 9 EFFECT OF DRAWING TEMPERATURE, SIZE OF 


SPECIMEN, AND NORMALIZING ON PHYSICAL CHARACTER- 
ISTICS OF B14 BOLTING STEEL 


NO: 
YIELD | PROP. KLONG. [RaDUCTION 
LIMIT IN 2" | OF AKEA 


TsNSILE 
SI 
Psd. 1, 


12,500 


179.300 
444.000 
139,500 | 121,000 
139,400 221,820 
24.200 
125.600 
125,500 
22.000 | 98,520 


111,000 
Q00 
147,800 


415,800 


118,800 


12,000 


er 
~ 


26 80) 28.59 


2 988 I) 
428.520 
22.520 
422.420 
20.000 


123,500 
000 
4400 
347.200 
422,000 
459.800 
000 


bb 


TABLE 10 


EFFECT OF DRAWING TEMPERATURE, SIZE OF 
SPECIMEN, ANI 


ND OIL QUENCH ON PHYSICAL CHARACTER- 
ISTICS OF Bl4 BOLTING STEEL 


TSASILE | YIRLD | PROP. LONG. | KDUCTION) CHARPY 

STRENGTH | STRENGTH] LIMIT IN 2° | OF ARRA | IMPACT 

Digi 

428 


190,000 172,000 
287,800 


41:2 


42,0 
42.5 


L200 
L500 40.5 


£4.5 


It has been interesting to correlate the author’s information on 
B14 steel with other data and to study the effect of size of section 
upon the physical properties obtained both from the air-cool and 
oil-quench treatments. Particularly, in the case of air cool, 
where proper results are dependent upon exceeding a critical 
cooling rate, is it necessary to consider carefully the effect of size 
of section. An investigation has been made at the Crane re- 


Grex 
23" 
LOCATION OF TEST PIECES 
Be T4200 1 136,300 | [105,000 | 19.2 | s6.) | 16.5 | woe 
| 125.400 | 92,000 | 99,000 | | | | 264, cos 
11200 | 120,000 60,000 | 92,500 | 22,0 | $9.5 | | 
QUENCHED 
> — 110° | 4200 T152,700 145,000 | 144,000 | 19,0 | 66.6 | | 
115.200 1245.00 | 156,000 | 17.6 | | 
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search laboratories upon the effect of drawing temperature and 
size of specimen for both oil quench and air cool. Specimens of 
3/, in., 14/4 in., in., and in. diam were investigated for 
tensile properties, hardness, and Charpy impact after l-hr draw 
at 1000, 1100, 1200, and 1300 F, one set of specimens being cooled 
in air from 1675 F, the other quenched in oil from 1550 F. Test 
specimens were located in the sections as illustrated in Fig. 28 
of this discussion. The chemical analyses of the materials used 
are given in Table 7. 

The hardness of some of the samples in the quenched condi- 
tion was recorded and a tabulation of these figures is given in 
Table 8. 

The results of the tests are given in Tables 9 and 10. 

In attempting a comparison of Crane results with the author’s, 
a rather notable difference in material investigated becomes ap- 
parent. Whereas, the author’s bars all had carbon contents of 
either 0.45 or 0.46 per cent, all Crane material with the exception 
of analysis No. 259,393 had a carbon content covering a range of 
0.35 to 0.39 per cent. Fig. 29, which summarizes both G.E. and 
Crane results for Charpy impact strength as a function of di- 
ameter of bar, reveals notable dips in the general trends of the 
curves at G.E. points, these dips are probably attributable to the 
higher carbon content. This observation is substantiated by 
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Fig. 30, in which a number of Charpy impact results are plotted 
as a function of carbon content. In Fig. 30, it may be observed 
that 1675 F air quench and 1200 F draw show a minimum Charpy 
value of 20 ft-lb for 0.37 per cent carbon, while 0.45 per cent 
carbon shows a minimum Charpy of 10 ft-lb. 

That 0.37 per cent carbon is sufficiently high to obtain the 
desired class C elastic strength with air-cooling treatment in 
diameters up to 2'/; in. is shown by the analysis of elastic-limit 
data in Fig. 31. Only in diameters as large as 3!/2 and 4 in. does 
0.45 per cent carbon appear warranted, if the purpose is to retain 
elastic strength. Experience has shown that no difficulties, due 
to insufficient impact strength, are encountered if the carbon 
content of B14 steel is kept in the range of 0.35 to 0.4 per cent. 
The wide range of 0.35 to 0.5 per cent in Specification A193 was 
so set to permit the selection of a carbon content compatible 
with the air-hardening character of the various diameters of 
bars. However, since it is clear that nothing useful is gained by 
high carbon in sizes up to 2'/, in. diam, and that the Charpy im- 
pact suffers so markedly from high carbon, care must be taken 
to select the proper carbon range within the specification range. 

Fig. 2 of the paper shows that the temperature of quench 
exerts an important influence on impact strength. The impor- 
tance of this factor is even greater than might be concluded from 
Fig. 2, if we consider the data available for material having a 
1200 F draw. In Fig. 32 of this discussion, G.E. data are given 
for 0.45 and 0.46 per cent carbon B14 steel together with Crane 
data for 0.37 and 0.38 per cent carbon B14 steel. While the 4-in- 


Hor” 
l2 ON 
| 
5, 
= 
Q 
0x 
Soyo 
= 
4 4 2 i6 
= 
. 


TRANSACTIONS OF THE A.S.M.E. 


. 
: 


(b) 
Fig, 33 


MICROSTRUCTURE OF B14 STEEL, ArR-COOLED AND Drawn art 1200 F; 
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500 


{(a) Air-cooled from 1550 F, 3/s-in. rod, 0.38 per cent carbon, Charpy 39 ft-lb, A.S.T.M. grain 9; (6) air-cooled from 1675 F, 7/s-in. rod, 0.37 per cent 


earbon, Charpy 26 ft-lb, A.S.T.M. grain 9; 


(c) air-cooled from 1800 F, 7/s-in. rod, 0.37 per cent carbon, Charpy 19 ft-lb, A.S.T.M. grain 7; (d) air- 


cooled from 2000 F, 7/s-in. rod, 0.37 per cent carbon, Charpy 2 ft-lb, A.S.T.M. grain 5.] 


diam 0.45 per cent carbon ranges from 15 ft-lb Charpy for 1560 
F to 3 ft-lb for 1920 F air cool, the lower-carbon Crane material 
in */, in. and 7/s in. diam ranges from 40 ft-lb Charpy for 1550 
F air cool to 2 ft-lb for 2000 F air cool. This comparison again 
indicates that, for almost any air-quenching practice, important 
gains in Charpy impact are to be expected by limiting carbon 
content to a range between 0.35 and 0.4 per cent, 

In Fig. 15 of the paper is shown the microstructure of steel 
air-cooled from 1700 F and drawn at 1180 F. However, in order 
to gain perspective on the effect of varying the air-cooling tem- 
perature on the microstructure and the physical properties, let us 
consider the photomicrographs of B14 steel with 0.37 to 0.38 per 
cent carbon at 500 diam, Fig. 33 of this discussion, representing 
the */,-in. and 7/s-in-diam air-cooled from 1550 F, 1675 F, 1800 F, 
and 2000 F, respectively, and all drawn at 1200 F. As the air- 
cooling temperature increases, the austenitic grain size seems 
progressively to increase from about A.S.T.M. 9 for 1550 F and 
1675 F to A.S.T.M. 7 for 1800 F and finally to A.S.T.M. 5 for 
2000 F. Moreover, a definite tendency toward Widmanstitten 
structure has developed by heating to 1800 F and above, not 
apparent for 1675 F and below. These data would seem to 
suggest that between 1700 F and 1800 F there is an austenite 
grain-coarsening effect injurious to the impact strength and 
high-temperature rupture properties. Rupture tests were made 
upon 0.505-in-diam bars of the 0.38 per cent carbon, representing 
both fine and coarse air-cooling structures, by loading to 30,000 
psi at 1000 F with the following results: 


Time to 
fracture 
3000 psi 
1000 F, hr 
2400 


Total 
elongation, 
per cent 
20.0 
0.5 


Heat-treatment 


Air cool 1675 F, draw 1200 F 
Air cool 1800 F, draw 1200 F 


The author’s data for 0.45 per cent carbon steel having 1700 F 
air cool, 1180 F draw, tested to rupture at 1000 F for a similar 
time period show better than 10 per cent elongation. Thus, it 
appears that brittle rupture of B14 steel in the air-cooled condi- 
tion is only a hazard when heat-treating temperatures above 
the austenite-coarsening temperatures are used. There is good 
reason to believe that often times, where failure to achieve good 
results in the use of this and other alloy steels has been experi- 
enced, the failure may be attributable to the application of too 
high normalizing temperatures. 


While through careful control of the heat-treatment and com- 
position of B14, thoroughly satisfactory properties at ordinary 
and high temperature can be attained, using a 1200 F draw tem- 
perature, there may be purposes for which greater toughness is 
desirable. As shown by Fig. 29 of this discussion, a 1550 F oil 
quench, followed by a 1200 F draw, gives some gain in the impact 
strength obtained through air-cooling treatment, but at a great 
sacrifice of creep and relaxation resistance. By retaining the 
air quench from 1675 F and increasing the draw temperature to 
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1300 F, the Charpy impact strength appears fully as good as for 
oil quench and 1200 F draw. Although the room-temperature 
elastic strength is somewhat reduced by the 1300 F draw (refer 
to Fig. 31), it is still high enough in sizes up to 2!/, in. diam to 
suffice for many bolting applications more than meeting A.S.T.M. 
A96 class B requirements. Fig. 34 illustrates the tremendous 
difference in relaxation time for 0.38 per cent carbon B14 steel 
at 932 F between 1675 F air cool, 1200 F draw treatment, and 
1550 F oil quench, 1200 F draw. While 1675 F air cool, 1300 F 
draw results in loss of relaxation resistance, it is clear that 4 
distinct advantage over the oil-quenching treatment is main- 
tained. 

It is reassuring to note in Table 3 of the paper that creep speci- 
mens of B14 steel, tested at 950 and 1000 F, do not suffer appre- 
ciable loss of impact strength through high-temperature ex- 
posure, provided the original value exceeds 20 ft-lb Charpy. 
Although the results shown by the author which qualify were ob- 
tained by oil-quenching treatment, air-cooled B14, with carbon 
content not exceeding 0.4 per cent carbon, not only shows good 
impact strength as treated, but also after prolonged high-tem- 
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perature exposure, as attested by the following results on analysis 
No. 258,440, 4/,-in-diam, 0.38 per cent carbon, air-cooled from 
1675 F, 1200 F draw: 


Charpy impact, as heat-treated.................. 26.5 ft-lb 
Charpy impact, after 2000 hr at 900 F............ 27.0 ft-lb 
Charpy impact, after 1000 hr at 1100 F........... 33.0 ft-lb 


Artuur McCurcuan.® Some 20 years ago, investigations of 
the tendency of bolts to become brittle in service at temperatures 
around 600 F led to the substitution of alloy steels for the mild- 
carbon-steel, wrought-iron, and screw-stock bolts which had 
formerly been used. In the intervening years, investigations by 
English metallurgists!® showed nickel-chromium bolts (3 to 4 per 
cent nickel, 0.75 per cent chromium) to be particularly suscepti- 
ble to embrittlement, as determined by reduction in impact 
strength. However, until the recent increases in power-plant 
operating temperatures to around 900 F, breakage of alloy-steel- 
bolt studs was of infrequent occurrence in this country. 

During the last year, cases of bolt breakage or low impact 
values after service have been reported for the following bolting 
materials listed in A.S.T.M. Specification A193: 


Grade B4, nickel-chromium-molybdenum, SAE 4340 
Grade B7, chromium-molybdenum, SAE 4140 
Grade B11, tungsten-chromium-vanadium 

Grade B12, nickel-chromium, SAE 3140 

Grade B13, tungsten-molybdenum-chromium 

Grade B14, chromium-molybdenum-vanadium. 


Whether inherent lack of structural stability of the alloy bolt- 
ing materials at these higher temperatures or the more severe 
stress conditions imposed is responsible for this increase in bolt 
breakage is open to question. The additional stress imposed 
on bolts because of difference in temperature between the body 
of the flange and the bolts during warming up periods is, of 
course, greater with a 950 F line temperature than with 750 F. 
This is true because of (1) the higher temperature gradient es- 
tablished between the inner flange mass and the bolts; and (2) 
the greater rigidity of the flanges necessary for the higher tem- 
perature. 

While agreeing that notch impact values should be as high 
as can be obtained consistent with other properties, the writer 
has observed cases where bolts with Charpy V-notch values 
of only 8 to 12 ft-lb, but with extremely high tensile, yield, and 
creep strengths, have given the best service in keeping certain 
experimental joints tight. Incidentally, had the author used the 
A.S.T.M. standard V-notch Charpy specimen rather than the 
keyhole Charpy and the special deep-notched specimen, his 
results would have been more directly comparable with those of 
other investigators. 

The difference in impact values found for the specimens, rep- 
resented by items 837 and 838 in the author’s Table 3, illustrates 
the difficulty of drawing conclusions from a limited number of 
impact tests. According to ‘Table 2, the diameter of stock, com- 
position, and heat-treatment of these two items were identical, 
yet item 837 showed a drop in Charpy keyhole impact from 12.8 
to 3.79 ft-lb after 3870 hr at 932 F while item 838 showed an in- 
crease from 13.8 to 15.1 ft-lb. It occurs to the writer that the 
value of 3.79 ft-lb might be an error in decimal point since this 
appears to be the only impact value reported to the hundredths 


* Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

“The Effect of Time and Temperature on the Embrittlement 
of Steels,” by A. M. McKay and R. N. Arnold, Engineering, vol. 143, 
Dee. 15, 1933, p. 647; also, ‘‘Embrittlement of Steels at High Tem- 


a by H. A. Dickie, Engineering, vol. 143, Aug. 4, 1933, 
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place. Because of discordance in usual impact results, reporting 
values even to tenths of foot pounds implies an accuracy of re- 
producing results that is of doubtful justification. 

The question of bolting performance is receiving increased at- 
tention at this time and the author’s correlation of impact and 
creep properties for this one bolting material should stimulate 
further study of this and other types. The free interchange of 
such results is of great assistance in the selection of suitable bolt- 
ing materials. 


J. S. Worru.'! In presenting the results of so many high- 
temperature tests on a single bolting steel, the author has pro- 
vided at least a partial answer to some of the most important 
questions arising from the use of high-temperature steel. Al- 
though the data are so varied in character that generalizing is not 
possible, the following more or less related trends may be dis- 
cerned. 

A.S.T.M. Specification A-193 requires that the tempering tem- 
perature exceed the nominal operating temperature by at least 
100 F. This was written in to insure stability of structure and 
properties of the steel during its service life. The minimum dif- 
ferential was set at 100 F because experience with a number of 
high-temperature steels showed it to be adequate. 

The author’s study of the chromium-vanadium-molybdenum 
steel indicates that a 100 F spread may not make it stable. 
Photomicrographs and impact tests of items 863 and 864 reveal 
an unmistakable change occurring in only 2500 hr at 1000 F, 
although the steel had been drawn at 1180 F, 180 F above the 
test temperature. Does this mean that the minimum differen- 
tial of 100 F may be too small for most bolting steels, or that 
this steel is more difficult to stabilize, or merely that it was not 
held long enough at the tempering temperature? 

We believe that the question will bear further study because 
of its importance. There is slight agreement as to how much 
static tensile strength, notch impact resistance, rupture, and 
creep strength are necessary in high-temperature steels, but the 
desirability of maintaining the original properties of a material 
throughout its term of service cannot be questioned. 

Although for stability this steel may require tempering at a 
temperature very substantially over the service temperature, it 
is capable of maintaining satisfactory room-temperature strength 
when so treated. In other words, the tensile and impact proper- 
ties of the steel can be made highly stable with the proper heat- 
treatment. 

This fact should be borne in mind by the user, as the present 
requirements of Specification A193 will not necessarily insure 
the application of such treatment. 

According to Figs. 20 and 21 of the paper, oil quenching tends 
to stabilize the material in another respect. It postpones the 
transition from ductile to brittle fracture in the rupture test. 
The author states that, whereas, brittle or intercrystalline failure 
appeared in the air-quenched steel after only 310 hr at 1000 F, it 
was not obtained in the oil-quenched material for 3400 hr. 
Whether a steel which becomes brittle after even 3400 hr may be 
considered safe for most engineering purposes is in itself an im- 
portant question, but at least it may be said that the effect of oil 
quenching is in the direction of greater stability. In spite of the 
foregoing, we do not mean to conclude that the normalizing treat- 
ment is less suitable than oil quenching for all high-temperature 
bolting steels since eventually some steels having a very different 
behavior may be developed. However, for the chromium- 
vanadium-molybdenum steel considered in the paper, we are in 
accord with the conclusion that oil-quenching treatments are 
the safest to employ. 


"11 Assistant Metallurgical Engineer, Bethlehem Steel Company, 
Bethlehem, Pa. 
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AUTHOR’s CLOSURE 


The author appreciates the valuable addition of test data and 
comments, based on experience with this bolting material, 
presented by the several contributors. 

Referring to the comments of Messrs. A. J. Herzig and R. L. 
Wilson, the author agrees that control of composition and cooling 
rate from the quench would provide uniform room-temperature 
physical properties and creep and rupture strengths for different 
sizes of stock. Admitting that there is merit in such a procedure, 
the question remains as to how far it would be justifiable to go in 
using regularly a variety of compositions and treatments, in 
order to secure a uniformity of final result, the actual improve- 
ment of value of which might not be great enough to justify the 
complication. 

The author wonders if too great importance has not been at- 
tached in the past to the elastic properties at room temperature 
which are coming to be considered as less important than for- 
merly for materials which have to operate at high temperature and 
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where care may have been taken in design to avoid bad dif- 
ferentials. 

Thus, in order to meet the room-temperature physical-test 
requirements of A.S.T.M. specifications, particularly the yield 
strength, the range of heat-treating possibilities is at present 
narrowed down. Perhaps the specification should be revised for 
materials which are to be used for 900 to 1000 F application to 
permit somewhat lower elastic limit with resulting higher creep 
strength. 

Mr. Kanter points out the fact that lower carbon content 
broadens the range of heat-treatment for high Charpy impact 
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values, which is in agreement with the author’s experience in 
tests on this composition. 

In reference to Mr. Kanter’s Fig. 34, it will be noted that the 
oil-quenched specimen is quite inferior in comparison to the two 
normalized specimens; however, this was oil-quenched from 
1550 F and drawn at 1200 F, both of which were too low to 
develop the optimum creep strength for the oil-quenched con- 
dition. This material was only */, in. diam. The only tests of 
small-size material, described in the paper, were items 810, 
837, and 8388 on 1 in. diam. These were tested at 932 F, the 
same temperature as used by Mr. Kanter, and item 810 was oil- 
quenched from 1740 F and drawn at 1200 F. Plotting item 810, 
which is shown in Fig. 9 of the paper, and correcting it to the 
same elasticity factor of 5, to be comparable with Mr. Kanter’s 
data in his Fig. 34, it is evident that, with proper oil-quenched 
treatment, in this particular case, it will be fully as good as the 
normalized material. This is shown on the combined plot of 
Fig. 34 and Fig. 9 of the paper in Fig. 35 of this closure. 

One matter of importance to be developed by the discussion is 
the size of stock and the relation between this and the type of 
heat-treatment. Thus, when all is said and done, there is not 
so much difference between the normalizing of small-diameter 
material and the oil-quenching of large-size stock. 

In reply to Mr. MeCutchan’s inquiry concerning the Charpy 
value of 3.79 ft-lb for item 837 in Table 2 of the paper, the 
decimal point is correct as shown. The figure in question was 
the result of an average, but even so, the author admits there is 
no justification for quoting impact strengths to hundredths. 

When the tests covered by this paper were first instituted, no 
thought was given to the possibility of publication, and the 
type of V-notch impact specimen was selected with the idea of 
producing a notch which would be the nearest approach to an 
actual bolt thread. When it was decided to publish the test 
results, these sharp V-notch impact data were not excluded. 
It is a measure of sensitiveness of materials to sharp notch impact 
and is a more severe test than any of the generally accepted 
impact tests. 

Mr. Worth agrees with the author as to the desirability of the 
oil-quenching treatment. In addition, he has pointed out the 
necessity of drawing this material for maximum stability at a 
temperature considerably above the operating temperature. 
With this particular steel a high draw is necessary in stabilizing 
the carbides. In the oil-quenched condition, the ductility of 
fracture in the rupture test increases with the increase of draw 
temperature as shown in tests subsequent to the preparation of 
this paper. 

In conclusion there is no escape from the fact that a satis- 
factory bolting material must represent a compromise among a 
number of qualities. 

After considering a proper, balance of desirable room-tempera- 
ture physical properties, creep and rupture strengths, structural 
stability at high temperature, and insurance against failure in 
tightening the bolts, the following heat-treatment is recom- 
mended for material of composition similar to that reported in 
this paper: 1650 F, oil-quenched; 1250 F, air-cooled. 
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Continuous Heat-Balance Control 
of Boiler-Room Operation 


By BENJAMIN S. MURPHY,!' BROOKLYN, N. Y. 


The author has attempted to bring out the different 
factors entering into boiler-room-operation control and to 
show that all of these factors must be synchronized before 
any comprehensive plan may be formulated. These fac- 
tors include such apparently unrelated items as scheduling 
boilers for cleaning, turbine outages, and personnel, as 
well as incremental boiler loading and automatic control. 
The methods used at the Hudson Avenue Station of the 
Brooklyn Edison Company, Inc., constitute the basis for 
the presentation. 


UR entire social system has come to depend more and more 
()ivos an unlimited, continuous, and low-cost supply of 

electrical energy from centralized distributing centers. 
Due to geogrphical location or political reasons, a few such cen- 
ters utilize the energy from falling water, but the greater portion 
must use the stored heat in fuel. To convert this heat to elec- 
tricity, we burn this fuel under a boiler. 

The boiler thus becomes the foundation for our energy supply 
and, to meet the requirements mentioned, we must insure that 
the boilers involved will (1) develop the maximum expected 
output; (2) give this output whenever called upon, and (3) pro- 
duce it economically. 

The designing engineers and the manufacturers provide the 
operator with a rather intricate mechanism. However, the op- 
erator cannot shovel in a scoop of coal at one end and take out 
an equivalent kilowatt of steam from the other, as often as re- 
quired and as economically, without contributing talent of his 
own. It is this talent which we call “boiler control.” 

By boiler control it is not meant that regulators and devices 
can be installed to accomplish the desired objectives. It is not 
intended to detract in the slightest from the effectiveness of au- 
tomatic control, which is one of our best boilerhouse tools, but 
rather to emphasize the fact that boiler control depends upon 
many factors which must all be synchronized. These may be out- 
lined as (1) planning, (2) operating, and (3) checking. There is 
but a slight difference between the last two items, since an ade- 
quate system of checking must be in effect, at all times or, by the 
time inefficient operation is discovered, material harm may have 


been done. 


PLANNING 


The first step to be undertaken is the development of a long- 
range plan for the year. Of primary importance in this plan is 
to know how many boilers we must have either on the line or 
ready to go on the line when required. Unfortunately, due to 
first cost, operators never have as many boilers as they would 
like to have, and so must make the most of the boilers which are 
provided. A typical yearly boiler schedule is shown in Fig. 1. 

Load. First we will estimate the maximum, nonemergency 


Chief Engineer, Hudson Avenue Station, Brooklyn Edison Com- 
pany, Inc. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Annual 
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peak for each day of the year and plot this in Fig. 1 as the “‘ex- 
pected maximum peak.” Now, believing we know the load to 
expect, the next step is to find the number of boilers necessary to 
deliver it. 

Number of Boilers. If all the boilers are of the same size, the 
problem is fairly simple. However, since in most of the older sta- 
tions the boiler size has increased with each addition, it becomes 
more complex to determine the number required. 

At the author’s station, not only are the boilers of different 
sizes, but they operate at different pressures; twelve of the same 
size at 300 psi, and twenty of three different sizes at 400 psi. 
The turbines served are three 50,000-kw units operating at 300 
psi, and five, from 80,000 to 160,000 kw, at 400 psi. Also, by 
using reducing valves and desuperheaters, the 300- and 400-psi 
systems are interconnected, so to,some extent the 300-psi tur- 
bines may be supplied from the 400-psi boilers. 

To overcome the difficulty due to boiler size in our calculations, 
we reduce them to a unit size or “equivalent boiler.” This is 
done by calling the capacity of the base boiler 10 Mw, or that of 
our smallest (300-psé) units. Then, on peak-load operation, we 
have the boilers rated asin Table 1. These are the boiler ratings 
which reasonably may be expected for normal heavy peak con- 
ditions (1) with the average grade of coal supplied, (2) with 
the amount of overfire liquid fuel that we may have, (3) with 
reasonable boiler economy, and (4) without making an undue 
amount of objectionable stack discharge. They are low enough 
so that, for any actual emergency, such as the loss of a boiler, we 
may increase the individual steam outputs of the remaining units 
to compensate for the shortage. 

As the base-boiler rating is 10 Mw, the expected load divided 
by 10 gives the number of equivalent boilers required on any day. 
So using the “‘expected-maximum-peak” curve of Fig. 1 and the 
right-hand scale, we have the number of boilers that will be nec- 
essary. 

Boiler Scheduling for the Year. The availability factor of the 
modern boiler is improving constantly, and yet, boilers must come 
off the line to be cleaned and repaired at fairly frequent intervals; 
this is especially true for stokers. So, after determining how 
many boilers we must have at any time, we must fit the individual 
boilers into their outage periods and make out the schedule for 
each unit. 

The 300-psi turbines and boilers are the least economical and 
so are used as little as possible. However, when some of the 400- 
psi turbines are off for overhaul or when the station peak is above 
600 Mw, some 300-psi turbines must be used. If the 300-psi 
steam demand is not too great, the 400/300-psi connection is 
sufficient, but there are times when 300-psi boilers must be used 
to back this up. For this reason we will plot, in Fig. 1, the times 
of scheduled turbine overhauls. 

Our boilers are all stoker-fired and experience has proved that 
more frequent but shorter outages keep them in better condition, 
so we have abandoned the old practice of many “externals” and 
one long “‘internal’’ outage each year. This has been replaced by 
scheduling all overhauls for 2 weeks. The length of time be- 
tween these outages is set at 14 weeks for the regular steaming 
boilers. Any minor stoker repairs are made during week ends 
or nights when the boiler may be spared. This schedule is 
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maintained unless something quite out of the ordinary occurs, 
then we get back on it as soon as possible, shortening repair 
periods, if necessary. 

We plan a boiler-maintenance crew of sufficient size to handle 
three boilers at one time, together with any routine work which 
may develop. With this crew our object is to have under repair 
throughout the entire year one boiler from row 7 or 8 (largest), 
one from row 5 or 6 (next largest), and one other boiler. 

This leaves seven boilers of rows 7 and 8, and seven of rows 
5 and 6 available or a total of 56 equivalent boilers. Any differ- 
ence in boilers required is made up first from row 4 (also 400 psi), 
and next from rows 3 and 2 (300 psi). 

The outage periods of rows 5, 6, 7, and 8 are now plotted so 
that they will fall at the specified times for insurance and city 
inspections and tests. The status of the other boilers is deter- 
mined by demand. The specified overhaul periods and the out- 
age, available, laid-up, and steaming periods for the remaining 
boilers are plotted on the graphical schedule. 

The total steaming capacity is calculated, and this line, the 
dotted one following the solid line, is drawn in Fig. 1, completing 
the yearly schedule. From this schedule, the chief boiler-room 
engineer makes out his detailed schedules for work to be done at 
each outage. 

Boiler Scheduling Daily. Each day a “turbogenerator and 
boiler schedule” is issued covering the period from 4 p.m. that 
day to 4 p.m. the next day. This schedule gives the number of 
boilers (and turbines) available for that day’s peak, the number 
to use, and the order in which the turbines are to be taken off 
during the night and go back on the next morning. This gives 
the boilerhouse crew the information necessary to bring up their 
boiler loadings or bring them down to banking to suit the load 
demand. This is espeeially so for the 300-psi units on bank ex- 
cept when some 300-psi turbines are being used and are brought 
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up with the rolling of the generator, saving considerable fuel. 

The expected peak at Hudson Avenue, including Gold Street, 
is also given, the latter since all steam to that station is supplied 
from the Hudson Avenue boilers. ‘The expected boiler capacity 
as given to the system operator is listed, together with any spe- 
cial notes on hold-offs, etc. 

The boiler data required to compile this sheet are taken from 
the yearly schedule, modified if necessary. All of this scheduling 
is done by rows not by specific boiler numbers. 


TABLE 1 PEAK BOILER 


Equivalent 
Boiler row oiler cach 
1, 2, and 3 1.0 
4 3.2 2 
5 and 6 3.2 32 
7 and 8 4.8 48 


TABLE 2 BOILER-LOADING SCHEDULE 
(Loading in Pounds of Steam per Hour) 
-Row number 


4 5 and 6 7 and 8 
100000 100000 160000 
100000 110000 180000 
110000 120000 200000 
120000 140000 220000 
130000 150000 240000 
140000 170000 260000 
160000 180000 280000 
170000 190000 300000 
1800004 210000 320000 
180000 230000 340000 

Overfire aire 
190000 250000 350000 
Overfire liquid fuel« 

190000 260000 360000 
190000 270000 380000 
200000 280000 400000 

280000 420000 
210000 300000 440000 
2200005 3200004 460000 
220000 320000 480000 
220000 320000 


Nore: For letter notes see text. 


670 
JAN MARCH APRIL MAY JUNE jury AUG SEPT oct Nov DEC 
10 10 10 20 10 20 10 10 20 10 20 10 20 10 10 20 
10 13 ap as 10 18 20 a8 
( 
Ae 
Ae 


/ 


MURPHY— CONTINUOUS HEAT-BALANCE CONTROL OF BOILER-ROOM OPERATION 671 
BOILER LOG 
HUDSON AVE. STATION 
PRODUCTION DEPARTMENT Meagday cry 
BOILER RECORD 30018 
Tora. 
BOILER RECORD - 400 LB 
& a 70} 118 | | 210 | 245 | 255] 235) 2a5| 235 | 230 | 225/230 | 230/ 275 | | 225| ISO 
sa) 28 R R R 72} | 200 230/| 235/| 270) 270); 270)| 263 | 240! 220) 21S | 235| 265) 210 | 
22] 140 | | BO 100} 115] 120] 120} Zao| 240} 235| 215| 225| 223) 225) | 235; 280! 2@0! Ife 
je So 135} 13S} 178} 115) 125 | 220; 245! 24S) 260} 240). 240) 240) 240) 250; 290, 175 
2 to} i2s 7O| B a0} 125/| 225) 2@0| 260| 230! 250) 245!) 240) @0! 300) 240! 215! 
200) 120 45} 215 | 215] 250| 265} 240 225| 240) 235) 270) 315| | 
4 [ess 22) Zio} i278! 220! 2« 285) 230 2. 270] 310! 280) 
72 8402) 330 220 | | 18e | 320 Beco | 340! 2350 | 355 | 320) 240! 340! 345) 445) Seo 
72, al 100) | B20 |B20 | 205) 220 | 340 | 230 | | 335 | B40 | 330 230} 325) 340, 42S) 220, 
74. 492) 270) 230) 200) 200; 21°} 21S } SiS | 345 | 550 |. 530) 320 | 340 | 340! 335! 340) 420) 3280/8 22a B ec 
| 250} 230} 270) 200) 210} 220}| 240 | 3550 | 3Se | ..330| 340) 340 330) 320) <4oS; 265 
4921 B 30!) B30! B2o 220) 320 | 330 | 330 |,330} 320 | 320 330 | 335! 320!) 32a: 365; 
492) 240) B40! i26@! 200| 320 | | 383 |,355| | S20 | 235) Gao) 340) 320] 325) 400) 330) 
os Diol 220] 31S | | 3410 |) 325) 32e/ 315 | 33S Ass|__315| 340) 320! 280 | 
$00} 2010117191 1718 | 1715 | 2309/3732 | 4050/4145) 4020) 4030) 3935) 3845) 3675) 4090 49435, 


KEY 
ENTER AVERAGE HOURLY STEAM FLOW IN 1000 LOS HA 
WHEN BOILER IN senvice 
AVA ABLE 
uP 
BANK AUTOMATICS CLOSED NO STEAM BEING GENERATED: 
LO-LIVE BANK AUTOMATICS OPEN BUT NO MEASURABLE STEAM BEING GENERATED) 
® FOLLOWED BY STEAM FLOW (AS B60 OF B70) STEAM BEING GENERATED BUT 
NO COAL BEING FED 
LP-OVERFIRE WQUIO FUEL FOLLOWED BY |. 2 OR 3 FOR NUMBER OF BURNERS 


NOTE ENGINEER IN CHARGE 


USE SPACE PROVIDED ON BACK 

OF LOG FOR REMARKS as 

SLAGGING LANCING BLOWING DOWN 
er 


From 
rromeros 


rrowator2 


Fic. 2 Boiter Log; Front 


The order in which the turbines are to be woucen [stow own 


placed on or removed from the line depends upon & | & | 
the anticipated loads, their heat rates, and the | 
times on orders from the system operator. 
Each day the chief boiler-room engineer sched- Mel service 
ules the boilers he wishes banked and their | 
sequence, the blowdown based on our laboratory | | 
be made, etc., but always bearing in mind ca- 
Boiler-Loading Schedule. The daily schedule, i. 
based on the yearly one, gives the total number i sae 
of boilers to be used, and a boiler-loading sched- 
ule, Table 2, gives the distribution of load be- oe} —__}__}-_—_— —- 
Four boilers were installed with each turbine, 
in line with it. Each group of four has its own - | = 
steam header, but all of the headers are tied =e 
together. Thus while most of the steam for any 
turbine comes from its own row, it is not neces- = 
sary, and a turbine may operate with its boilers OVER FIRE AIR 
shut down, so no particular boiler-turbine com- rans 


bination need be considered. 

The boiler loadings have been computed from 
incremental loadings based on boiler tests and 
should give the best over-all economy. How- 
ever, they have been modified to suit other oper- 
ating conditions. 

It is fundamental that we wish to burn the minimum amount 
of coal but we must limit our operating points to those at which 
& nuisance is not created, due to stack discharge, even if by so 
doing more coal is burned. Such points are indicated in Table 2 
and explained subsequently. 

If the same grade of coal were always available, these points 
would be well fixed but, since the grade varies, we have two such 
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stop limits for each row and do not depend upon the operator 
knowing exactly what he is burning, and to limit his load accord- 
ingly. 

In Table 2, for row 4 we find that, for all coals ordinarily 
received, we are quite safe at 180,000 lb per hr (note a) so, unless 
necessary, we stop loading at this point and hold at this amount 
until the other boilers have been brought up, although the 
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theoretical curve would call for further loading of this row before 
increasing the load on the others. When the other boilers 
have been brought up, then row 4 may be increased to 220,000 
lb per hr (note b) and there we must stop, for though we have 
taken 280,000 Ib from a boiler the coal must be exceptionally well 
suited or there will be trouble. 

The first limiting point (note c) for rows 5 and 6 is 230,000 Ib 
per hr. When it is necessary to go higher than this, we use over- 
fire air. This consists of six nozzles in line across the back of the 
boiler connected to special blowers, discharging air at from 9 to 
17 in. wg horizontally into the furnace. These high-velocity air 
streams striking the gases at right angles break them up, causing 
considerable turbulence, supplying oxygen where required, and 
knocking down and holding down a large amount of fly cinders 
and “popcorn.” With our average coal and no overfire air, 
about 280,000 lb per hr is the nonnuisance limit but, in order to 
provide a safety margin for poorer coals, we set this at 230,000 lb 
per hr. With the overfire air, we now increase the everyday 
peak to 320,000 lb per hr (note d), which roughly gives a gain of 
one boiler in eight. Incidentally, the total quantity of air to the 
furnace is not increased, the underfire air being reduced in pro- 
portion. 

For the largest boilers, rows 7 and 8, we are fairly safe at about 
380,000 lb per hr, but have set the first limit below this at 350,000 
Ib per hr (note e). For higher loads, overfire liquid fuel, either 
gas tar or fuel oil, is used. The liquid-fuel installation consists 
of three burners, in a group on the center line at the back of the 
boiler, discharging horizontally into the furnace over the fuel 
bed. By means of this arrangement the coal-burning rate of 
the stoker is held below the nuisance limit and the additional 
heat is supplied from the liquid fuel together with its necessary 
air. At the same time, the introduction of these flames causes 
some turbulence and mixing of the coal-fire gases, supplies igni- 
tion to some coal or carbon particles, and has some tendency to 
keep down any cinders. The top value for the better coals is 
now 500,000 Ib per hr (note f) or, for the eight boilers, the liquid 
overfire fuel has given the equivalent of ten or a gain of two 
large boilers. 

A study each day of the steam outputs, as shown on the boiler- 
meter charts, would check the boiler loading, and this is done. 
However, for convenience and for the psychological effect of self- 
checking, each hour we have the boiler-control operators enter 
the hourly outputs of the individual boilers on the boiler log, 
Fig. 2. This log also gives the status of all boilers and shows any 
deviation from the yearly schedule. 


OPERATION 


Not so many years ago, we operated a boiler with only an in- 
dicating pressure gage, a wat*r column, a “‘banjo,’’ and a fireman 
to play it. If the latter was “‘not so strong in the back” as to be 
“too weak in the head’”’ the results were not bad. We depended 
upon the man and we still do. Years ago, the late Mr. Smoot 
often said, ‘“‘my control is only a tool, it cannot think.” So, we 
must not overlook the fact that we are still dependent upon the 
skill and knowledge of the boiler operator and, therefore, must 
supply him with the necessary equipment in order that he may 
utilize this skill. 

Coal Measurervents. Our coal is floated alongside in barges 
(1700 to 1900 tozs) or in steamers (5000 to 6000 tons) and hoisted 
by digging buckets to 5-ton self-propelled cars. Each car on its 
way to the bunkers passes over and is weighed on a track scale 
and the weights printed on a tape. 

The eight rows of boilers are back to back and in the aisles in 
front of each row are electric-propelled weigh lorries. These 
lorries take the coal directly from the bunker gates and discharge 
it into the stoker hoppers. With this arrangement, it is possible 
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to weigh the coal supplied to each boiler, to each row, and to all 
boilers. 

The total weight of all coal hoisted each day is compared with 
the shipper’s weights. If a check of the coal to each boiler each 
day is required, the amount of labor involved is excessive so our 
practice is to use only the daily totals. However, if the con- 
sumption becomes irregular, then more detailed checks are made. 

The bunkers are calibrated at the first of each calendar week 
and month and, from these estimates and the shipper’s weights, 
the consumption is calculated. It is desirable that the bunkers 
be leveled before calibration, but too often operating conditions 
will not permit and the estimate is made “as is.” Ordinarily 
this is done by eye, but if more irregular than usual, or low, a tape 
is used. 

If the calibration is always made by the same person, the error 
is reduced but, even by different ones, the probable error is +200 
to 500 tons and this for us would be +70 Btu on the heat rate for 
the month and +250 Btu for a weekly calibration. It is obvious 
from these errors that too much dependence must not be placed 
on the weekly figure, though the actual error is as a rule less than 
that given. The weekly rate is of value, however, because if it 
is used in conjunction with the weekly lorry weights, it gives the 
trends, and the average will not be far out of line with the monthly 
rate. 

Whether we like it or not, the coal to be accounted for must be 
that given on the bill of lading. Some irregularities are found 
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here when compared with our track-scale weights, the latter 
figure being only of the order of a check. A few shipments, and 
very few as a rule, show we are receiving more than we pay for, 
but most are the other way. This variation may be from 0.5 to 
1.6 per cent which would represent some 70 to 220 Btu in heat 
rate. 

These figures appear high; an average would be of the order of 
0.6 per cent. However, when it is considered that there is car 
leakage en route to barge, that there is considerable spillage load- 
ing and unloading barges, that all vessels are not completely 


|| 
Hee 
ite 
F 
Rati 
A 
f 
3 
A 


MURPHY—CONTINUOUS HEAT-BALANCE CONTROL OF BOILER-ROOM OPERATION 673 


cleaned, that moisture variation must be taken into account, etc., 
it is within reason. 

Kind of Coal. From the engineer’s viewpoint, we are interested 
in producing our kilowatt from a minimum weight of coal and 
with a minimum expenditure of heat but this is not a true “‘yard- 
stick.” In the last analysis it is: “How much does it cost?” 
Fractions of a cent should be considered rather than pounds or 
British thermal units. 

With this in mind, we are continually seeking fuels that will 
bring down our cost in cents per kilowatthour, even if by so do- 
ing we increase our pounds per kilowatthour. This search con- 
sists of testing the coal (1) to determine if its characteristics fit 
our equipment so that we will be sure to supply the demand, and 
(2) if it does, whether the cost per unit of output will be reduced. 


COAL 


BURNING CHARACTERISTICS 
GRAPHICAL SUMMARY 


The tests are not elaborate and extreme accuracy is not neces- 
sary. One bunker is emptied and the test coal, 1700 to 3500 
tons, placed in it and used exclusively under one of our row 6 
boilers and the opposite boiler in row 7. The tests last three 
days, the first two for noting the burning characteristics and the 
last day for conducting a 10-hr weighed-coal run at a fixed and 
fairly high rating on one boiler. 

To determine the burning characteristics, we operate both 
boilers during the day on automatic control with or without 
overfire air or liquid fuel as the load demands. In the evening 
of the first day, without the aid of the overfire air or fuel, we 
find the nonnuisance heavy peak rating for 2 hr and the emer- 
gency maximum for 30 min. The same two points are deter- 
mined the next evening with the overfire air and liquid fuel. 
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The boiler-room engineer reports on these findings as well as the 
test crew. On the morning of the third day, the stoker hopper 
of the row 7 boiler is leveled, the rating set at a fixed amount, 
and all coal to the hopper weighed by the lorry for 10 hr. From 
this weight and the steam output from the boiler-meter chart, 
the economic value of the coal, as compared to our standard coal, 
is determined. 

These data are sufficient to reach a decision as to whether 
more complete testing is necessary and allow us to classify or 
rate the coal. 

We classify our coals from the test data into three grades, 
Nos. 1, 2, and 3. The No. 1 grade is best suited to our require- 
ments and the No. 3 the least, with a top nonnuisance rating of 
some 30,000 to 50,000 lb per hr of steam less than No. 1. The 
No. 2 is somewhere between the others. 

The No. 1 coals are straight bituminous, some of the No. 3 are 
also bituminous, but many are a mixture of one or two kinds of 
bituminous and 20 per cent of No. 4 (size) anthracite. The 
latter mixtures have great possibilities, for at once we have 
20 per cent of the cost of the fuel at a very much lower price per 
ton, possibly reducing the unit cost by 25 to 30 cents. 

Before such mixtures are successful, however, the bituminous, 
which acts as a binder and supplies ignition, must be found. In 
some cases, a single bituminous may answer, in others two may 
be used. As an example, we have a bituminous which cokes so 
much that it is too good a binder and although it has fairly high 
volatile, it ignites almost as slowly as buckwheat. Another 
coal, though low in volatile, distills very quickly and ignites 
readily but is so friable that it produces as much cinders as the 
anthracite and cokes but little. Combining these coals in a 
50/30/20 mixture gives excellent results. Now, if some of these 
bituminous coals may be purchased at a price below that of our 
No. 1, then we reduce the 80 per cent as well as the 20 per cent. 

Assuming such a coal with a unit price of 45 cents less than the 
No. 1 and our capacity is such that we can get sufficient output, 
then we can afford to burn 5 to 6 per cent more of it. But all 
such coals reduce capacity and some limit must be placed upon 
their use, or else so many more boilers must be carried that we 
would nullify any saving. Therefore, the coal must be made to 
fit the load. 

We have five bunkers, one over each firing aisle, and each is 
divided into three parts, the middle one being the larger. The 
No. 3 grade coal is placed in this larger section for rows 4-5, 6-7, 
and 8. During light-load periods it is used for all of these 
boilers and for the heavier loads on rows 5 and 6 with the over- 
fire air and on rows 7 and 8 with the overfire liquid fuel. No. 1 
or No. 2 grade coal is used for the heavy loads on row 4 and for any 
No: 1, 2, or 3 boilers which may be in service, as well as for any 
abnormal loads which we may have to carry on the other boilers. 

In addition to testing the new coals, we make a continuous 
check on the coals received in the same manner as for the burning 
tests. This is done by the boiler-room engineers, who each day 
turn in a “‘coal-characteristic daily report,’ Fig. 4. On this they 
note any abnormal condition found. The data from these sheets 
are plotted on a current monthly sheet or graphical summary, 
on which is the daily unloading, classified in grades. This gives 
a comprehensive idea of the coals used and, if applied intelli- 
gently, it is worth-while. Such a sheet is shown in Fig. 5. 

Boiler Control Room. Centrally situated on the operating floor 
of the boilerhouse is the boiler-control room, in which is located 
most of the control equipment for the making and, if necessary, 
the emergency distribution of all steam. The equipment may be 
divided into four groups: (1) Steam-valve control; (2) boiler 
control for 300-psi boilers; (3) steam control for 400/300 psi; 
(4) boiler control for 400-psi boilers. 

Steam-Valve Control. A diagram board of all boilers, steam 
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lines, and motor-operated valves is mounted on the wall with 
red and green signal lamps for valve position indication and 
“close” buttons for some 118 valves, 10 in. to 24 in. in size. 

300-Psi Boiler Control. For the 300-psi boilers there are 
supermasters to control all twelve boilers. These may be oper- 
ated straight automatic from steam-pressure variation or manu- 
ally. These boilers have no induced fans but are equipped 
with forced-draft fans in common. Regulation is provided 
for their speed, for gas volume by outlet boiler-damper posi- 
tion, and for coal feed by stoker-motor speed control. 

400/300 Psi Steam Control. The operating mechanism, gages, 
thermometers, and flowmeter recorder for reducing the pressure 
and temperature of the 300-psi steam from the 400-psi boilers is 
located in this room. 

400-Psi Boiler Control. This control consists of a super- 
master, either fully or part automatic, which controls five sub- 
masters, one for each boiler row. Leak-offs are provided for dis- 
tribution of load between rows. The regulators for the equip- 
ment are listed in Table 3. 


TABLE 3 CONTROL REGULATORS FOR 400-PSI BOILERS 


-—— Row number- 
5and6 7and8 


4 

Delivery by vane position........ — 

Delivery by vane position........ —_ 
Boiler-outlet damper................. x 


[xx |x] 
| xx] x | 


For row 4, the oiler at the foreed-and-induced fans starts and 
stops them on signal from the boiler-control operator; all speed 
regulation is from the control room. 

All of the forced-draft fans for the other rows are started and 
shut down by the oiler at the fans, and the delivery is regulated by 
vane position, automatically. 

The Nos. 5 and 6 induced fans are started, speed changed, and 
shut down by the oiler at the fans and the volume is regulated by 
vane position. 

All of the operation of Nos. 7 and 8 induced fans is by the 
stoker operator at his boiler panel, and volume control is by vane 
position, regulated automatically. 

Totalizing wattmeters and pressure gages are provided for each 
group together with direct telephones to the low-tension board, 
the turbine room, and to the stack observers. 

There are two specially trained boiler-control operators on duty 
at all times and it is the headquarters of the boiler-room engineer. 
It is also a clearing house for all orders, hold-offs, or other boiler- 
room information. 

Control Equipment at Boilers. As indicated, the boiler-control 
operator handles most of the equipment for the first four rows, 
but the last four come more directly under the control of the 
stoker operator at the boiler. 

Personnel. It has been truly said that “a fire room will make 
or break a powerhouse,” and we could go yet further and substi- 
tute “fireman” for “fire room.” All fires must be inspected at 
frequent intervals and the operator must understand what he 
sees and know how to correct it, if necessary. So with all of our 
planning and with all of our indicating and automatic equip- 
ment, we still must depend upon the operator at the boiler. 

Our operators are all trained by us. The more promising 
young boilerhouse maintenance men are used for sick and vaca- 
tion relief work on operation, first on lorries and then as helpers 
on the boilers. The company conducts classes in combustion 
and boiler operation which the men are urged to attend, attend- 
ance counting for promotion. 

Each watch is in charge of a boiler-room engineer who devotes 
all of his time to operation. Each stoker operator is assigned 
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two boilers and, for rows 7 and 8, he has a helper. Each. operator 
signs his work by placing his signature on the boiler-meter chart. 

In addition to the regular operators, we have a small technical 
crew which spends its time in the boilerhouse, working not only 
with the engineers but directly with the operators. For special 
tests we call in our technical service department. 


CHECKING 


First we plan, then operate, and finally become bookkeepers to 
determine our operating costs. Our quantities are large, the coal 
bill alone amounting to more than $500,000 per month, so even a 
small increase is an appreciable amount. Therefore, to guard 
against such increases, the checking must be continuous. We 
have outlined some of these checking measures under the subject 
of operation, as they are so closely allied. 

Steam Generated. Each day, each boiler-meter chart is ex- 
amined to find: 


1 If there has been any deviation from scheduled loading. 
2 If there is any spread between steam and air pens. 


675 


3 The quantity of steam generated. 


The operator writes across the face of the charts any reasons for 
(1) or (2) and there may be good ones. Also such explanations 
are made in the “‘daily-boiler-log”’ sheet. 

The turbine main and heater condensate is metered and this, 
together with necessary corrections for estimated blowdowns and 
steam sent out of the station, is compared with the integrated 
totals from the chart and used for the quantity generated. 

Temperatures. A running check is made of temperatures of 
steam, gas, air (for preheaters), ete., and any deviation from 
standard is checked at once. 

Heat. We have no continuous coal sampling at the present 
time, the coal being hand-sampled from each 5-ton bunker car. 
The heat in the refuse is from ash samples from the disposal 
barges. 

Draft. Comparison of draft drops guides us on our lancing or 
external cleanings. 

Any other checking is more or less common to all boiler opera- 
tion. 
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An Analysis of the Milling Process 


By M. E. MARTELLOTTI,! CINCINNATI, OHIO 


This analysis of the milling process shows that the 
path of a milling-cutter tooth is an arc of a trochoid, the 
parametric equation for which can be derived from known 
variables of the cut. As a result, the milling process is 
susceptible to mathematical treatment. Practically, the 
advantage of such analytical methods is that such ele- 
ments as the radius of curvature of the tooth path, the 
clearance and rake angles of the length of the tooth path, 
the radial thickness of the chip, and their effects upon 
the quality of milled surface may be evaluated. The 
paper demonstrates the advantages of the up-milling 
process in achieving machined surfaces of high quality. 
This form of analysis will also be found useful in com- 
paring different milling methods. 


INTRODUCTION 
Moms is a process of removing the excess material 


from the workpiece in the form of small individual chips. 
These chips are formed by the intermittent engagement 
with the workpiece of a plurality of cutting edges or teeth integral 


Fic. 1 TootrH Marks on A MILLED SuRFACE 


(Material, brass; cutter, spiral mill, 8T, 3.89 in. diam, 38 rpm; helix angle, 
35 deg; feed rate, 36 in. per min; depth of cut, '/x2 in.; x3.) 


Fig. 1. The method of milling in which the cutter rotates in a 
direction opposite to or against the motion of the work is usually 
called ‘‘conventional milling,’ but is better described as “up 
milling,”’ since the chips are formed while the teeth of the cutter 
move in an upward direction, away from the finished surface of 
the work, Fig. 2. 


KINEMATICS OF MILLING 


Owing to the limited period of engagement of each tooth, a 
milling chip is short and of a variable thickness, Fig. 3. This 
results from the combination of the translatory motion of the 
work and the rotary motion of the cutter. Hence, the direction 
of motion of the tool point is continuously changing with respect 
to the direction of motion of the workpiece, and the path of the 
tooth resulting therefrom is not circular, but of the type which is 
properly described as trochoidal. 

The name “trochoid” is given to that family of curves which 
are the locus of a point (taken along a radial line, originating at 
the center of a circle), generated while the circle rolls on a straight 
line X. As indicated in Fig. 4, a point P, chosen on this radial 
line at a distance from the center of the circle which may be 
either less, equal, or greater than the radius of the circle, will 
generate the curves A, C, and B, which are respectively called, 
“prolate trochoid,” “cycloid,” and ‘‘curtate” or “looped tro- 
choid.” 

In analyzing the milling process, valuable assistance may be 
realized from a consideration of the kinematic characteristics, 
defined by the equation of the path of a tooth. In previous 
investigations of the milling process* it has been customary, for 
the sake of simplicity, to assume that the path generated by the 
cutter tooth is circular. However, as will appear from the 
following analysis, it is not necessary to make this assumption, 
as the various relationships may readily be calculated from the 
true trochoidal tooth path. This affords a proper understanding 


Fic. 2. Carp at DiFFeERENT STAGES OF FORMATION 
(A, at beginning of tooth path; B, at middle of tooth path; C near end of tooth path.) 


with or inserted in a cylindrical body known as the milling cutter. 
This intermittent engagement is produced by feeding the work- 
piece into the field dominated by the rotating cutter. 

The finished surface, therefore, consists of a series of elemental 
surfaces generated by the individual cutting edges of the cutter, 


* Research Engineer, The Cincinnati Milling Machine Company. 
Mem. A.8.M.E. 

Contributed by the Machine Shop Practice Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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of the milling process, and brings to light certain important 
events, such as the changes in the clearance and rake angles, and 
radius of curvature of tooth path. 

For the purpose of analysis, the system composed of a rotating 
milling cutter and a translating workpiece may be replaced by 
an equivalent system in which the work is stationary and the 
cutter rotating and translating at the same time. In this case, 
however, the direction of the translatory motion of the cutter or 


*“Chip Thickness in Milling,”” by C. H. Borneman, American 
Machinist, vol. 82, 1938, pp. 189-190. 

“How Thick a Chip?” by A. L. DeLeeuw, American Machinist, 
vol. 83, 1939, pp. 991-992. 
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feed will be opposite to that of the work, which obtains in the 
ordinary case. 

The idealized version of this arrangement, shown in Fig. 5, 
and applied particularly to the case of slab milling, can be illus- 
trated by means of a mechanical system, of the rack-and-pinion 
type, in which the pinion Q of the proper dimension is integral 
with the spindle and cutter and meshes with a rack Z rigidly 
supported on the stationary base of the machine. Upon rotation 
of the spindle, the cutter will be fed to the work in a direction 
which obtains in an ordinary milling machine. 

Since the cutter is translated at a rate corresponding to the 
feed of the work, the pitch radius r of the pinion may be deter- 
mined by the relation 


where 


F = feed rate, in. per min 
n = rpm of cutter and pinion 


r = pitch radius of pinion, in. 


TOOTH OF 
MILLING CUTTER 


DIRECTION OF 
CUTTER ROTATION 


SURFACE PRODUCED BY THE 
CUTTER. THIS SURFACE WILL BE 
REMOVED BY THE NEXT TOOTH 


Fic. CompLete Up-MILLIne CHIP 


(Material, S.A.E. 1112; feed rate, 61/4 in. per min; depth of cut, !/s in.; 
cutter, spiral mill, 10T, 4 in. diam; cutting speed, 40 fpm; X50. 


In practical application, the surface speed of the cutter is 
always much greater than the feed rate of the work, consequently 
R, the radius of the cutter, will be much greater than r, the pitch 
radius of the pinion. 

By referring to Figs. 4 and 5, it is evident that, by allowing the 
pinion Q to roll on the rack Z, the edge of the tooth will generate 
a looped trochoid. This can be represented by the parametric 
equations 

X =ra+Rsina 
Y = R (1 — cos a) 
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In Equations [2], a is the angle through which the cutter and 
pinion have rotated in the direction of the arrow M from the 
starting point O, which is the origin of the coordinate system XY. 

Two consecutive teeth, 2 and 1, Fig. 5, are shown, on an 
enlarged scale, in their relative position, respectively, at the 
beginning and near the end of their engagement with the work. 
Tooth 1 has nearly completed the path A’-N, while tooth 2 is 
about to contact the work at a point marked A, along the path 
of the tooth 1. 


AND REVOLUTION Marks 


As the pinion is rolled on the rack in the direction of the arrow 
M, tooth 2 moves downward into the work, and not tangentially 
B-CURTATE TROCHOID 


C-CYCLOIO 
A-PROLATE TROCHOIO 


BASE LINE, 
ROLLING CIRCLE \ 


Fic. 5 Pars GENERATED BY A MILLING-CuUTTER TOOTH 


as is usually believed to be the case, until the point O’ is reached. 
The tooth is then at the greatest perpendicular distance from the 
path to the center B’. Thereafter, the tooth begins to rise toward 
the upper surface of the workpiece. 

A cusp known as the tooth mark results from the intersection 
of the path of two consecutive teeth, by the direct action of the 
edge of the tooth upon the work material. The distance between 
two adjacent tooth marks is known as the feed per tooth, F;. 
This is obviously equal to the distance F, on the upper surface 
of the work, Fig. 5. 

A milled surface, therefore, is composed of innumerable 
elements of tooth paths, each delimited by the feed per tooth, 
as shown in profile and enlarged both in Fig. 5 and in the actual 
reproduction, Fig. 1. 

The uniformity of the tooth-mark spacing depends upon the 
location of the points A A’ where the teeth intersect the paths 
generated by the preceding teeth. 

If in the parametric Equations [2] the quantity 2 is added 
to the angle a, the net result is a translation of a given tooth 
path, in the direction of the feed, by an amount equal to the 
feed per revolution; thus, a more general system of parametric 
equations of the tooth path results 
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X = (24K + a)r+Rsin 
Y = R[{l—cos (2K + a)] 


where K is an integer number. 

This indicates that the paths generated by the teeth of a milling 
cutter are congruous, and that they can be obtained from each 
other by a displacement equal to the feed per tooth, or a multiple 
thereof. 

By eliminating the parameter a between the parametric 
Equations [2], the Cartesian form of the looped trochoid of a 
milling-tooth path will be obtained 


where d indicates the instantaneous depth in place of Y. 

The equations which have been derived, whether of the 
parametric or of the more involved Cartesian form, furnish 
means for determining the shape of the trochoid curve generated 
by any tooth of a milling cutter, as a function of a few variables 
of the cut, which are generally known. From the Cartesian 
equation, for instance, the value of X for any point, taken with 
respect to the origin O, can be obtained when the radius of the 
rolling circle r, the radius of the cutter R, and the depth d at 
different positions of the tooth path are known. Thus the tooth 
path may be mathematically reconstructed. 
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Fic. 6 Variations Propucep BY TooTH AND REVOLUTION MARKS 
ON A MILLED SURFACE 


(Material, brass; cutter, spiral mill, 8T, 3.89 in. diam, 38 rpm; helix angle, 
deg; feed rate, 36 in. per min; depth of cut, !/s in.) 


Since the tooth path, in approaching and leaving the point O, 
is symmetrical with respect to that point, the points of inter- 
section (such as A and A’) will be located at one half the feed 
per tooth from either side of point O. This is exactly true, 
however, only under the conditions seldom obtained in practice, 
viz., that the teeth have the same distance from the center of the 
cutter, and that the feed per tooth is constant-and the teeth are 
equally spaced. 

As can be seen from Fig. 1, any variation in the values of these 
quantities will also affect the height h, but this effect is usually 
small, and thus may be disregarded. The magnitude of h can 
be calculated from the following equation, which has been derived 
from the parametric Equation [2] 


I> 


height of tooth mark above point of lowest level, in. 
feed per tooth, in. 

R = radius of cutter, in. 

T = number of teeth in cutter 


The value of h, calculated with Equation [5], and for 0.118 in. 
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feed per tooth, 8 teeth, 3.894 in. diam of cutter, and using a 
spiral mill, was 0.000766 in. 

The average value of h obtained from the measurement of 
52 tooth marks produced in an actual cut on brass, under the 
foregoing conditions, was 0.000710 in., thus showing a satisfactory 
agreement between the cal-ulated and observed values. Fig. 1 
shows this surface, which was purposely milled at an unusually 
high feed rate in order to show the tooth marks clearly. The 
actual variations in the surface are shown in Fig. 6. 

In addition to the tooth marks, which correspond to the tooth 
frequency, a slab-milled surface shows periodic variations 
having a wavy appearance, the frequency of the waves being 
equal to the frequency of rotation of the cutter. The amplitude 
of the wave (or height of the revolution mark) is a function of the 
eccentricity of the cutter and arbor, the so-called “high tooth” 
on the cutter, and the periodic variation in the deflection of the 
arbor, caused by the presence of the keyway and possible uneven 
conditions on the arbor supports. 

The height of a revolution mark, in the case shown in Fig. 6, 
is 0.004 in. It may be observed also that the tooth marks follow 
the undulation of the revolution marks. The presence of one 
or the other or both types of marks alters the physical condition 
of the surface and consequently the quality of its finish. 

While the height of a tooth mark can be reduced by increasing 
the radius of the cutter, and by decreasing the feed per tooth 
until the tooth marks become scarcely distinguishable, par- 
ticularly at the lower feed rates, the revolution marks, on the 
other hand, cannot be prevented unless special care is taken in 
grinding the teeth of the cutter within close limits and making 
sure that the runout of the cutter and arbor is reduced to the 
lowest possible value. ; 


Rapivus oF CURVATURE OF TootH PaTH 


The difference in the height of a tooth mark, produced under 
various operating conditions, is due to the instantaneous radii 
of curvature of the path of the tooth. This is a function of the 
radius of the cutter, its speed, the depth of cut, and the feed rate, 
factors which enter into a milling operation. 

In conventional milling (up milling), the radius of curvature 
at any point in the path of the tooth is expressed as 


2 


t 


+ R? 
2x 


The variables are 
d = depth of cut, in. (at point under consideration) 


R = radius of cutter, in. 
F, = feed per tooth, in. 
T = number of teeth in cutter 
p = the instantaneous radius of curvature in inches 


The radius of curvature obtained from Equation [6] is the 
instantaneous radius of a small portion of the path of the tooth 
in the neighborhood of a point determined by a given combi- 
nation of the variables mentioned. 

By assuming certain values for three of these variables, the 
relationship has been determined between the radius of curvature 
and the depth of cut, the revolutions per minute of the cutter, 
and the feed rate, Figs. 7, 8, and 9. 

From an inspection of these results, the following conclusions 
may be drawn: 

1 A large radius of curvature is obtained at shallow depth 
of cut. This condition obtains particularly within the length of 
a tooth path delimited by the feed per tooth. Beyond this 
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Fie. 9 Raprus or CuRVATURE OF TooTH PatH FEED RATE 
(Radius of cutter, 2 in.; depth of cut, 1/4 in.; cutter speed, 60 fpm.) 


elemental portion of the tooth path and, as the tooth travels 
toward the upper surface of the workpiece, the radius of curvature 
decreases, reaching a minimum value equal to the radius of the 
cutter when the depth of cut is likewise equal to the radius of 
the cutter, Fig. 7. 

2 For any given cutting condition, as we increase the cutting 
speed and, consequently, the revolutions per minute of the cutter, 
the radius of curvature is correspondingly decreased. For very 
high values of the revolutions, it tends to approach, as a limiting 
value, that of the radius of the cutter, Fig. 8. 

3 When the feed rate is increased, the radius of curvature 
increases proportionately with it. The relationship between 
radius of curvature and feed is shown in Fig. 9. 

If we consider the variation of the radius of the curvature, 
in relation to the variables of the cut, and on the basis of ex- 
perimental evidence, we can conclude that it is always desir- 
able to have a set of conditions such as will give, at any time, 
the largest possible radius of curvature. It is well known that 
more efficient metal removal is usually obtained for relatively 
large values of the feed per tooth, Figs. 10 and 11. 

Since the feed per tooth is a function of the feed rate, the 
number of teeth and the revolutions per minute of the cutter, as 
expressed in the equation 
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where 
F = feed, in. per min 
T = number of teeth in cutter 
n = rpm of cutter 


it is apparent therefore that a large value of the feed per tooth 
will be obtained for any given number of teeth and feed rate, by 
choosing a low value for the revolutions per minute of the cutter. 
This will automatically give us a large radius of curvature. 

An illustration of the effect of the cutting speed of a milling 
cutter on the actual power required to remove a given volume of 
metal (in this particular case, machinery steel) is given in Fig. 12. 
From this illustration, it will be seen that, for a constant feed 
rate, the minimum power required to remove the same amount 
of metal is always obtained at the lowest cutting speed. The 
power increases as the cutting speed is increased. 

If the same volume of metal is removed under two different 
conditions, by adjusting the feed rate and the depth so as to give 
the same metal removal, it is found that the most efficient removal 
of metal is obtained at a shallow depth and the highest feed rate, 
as shown in Fig. 13. As an example, if the feed rate in one case 
is 10 in. per min and the depth of cut '/, in., and in the second 
case the feed rate is 20 in. per min and the depth of cut !/s in., 
the power required at the cutter is 14 and 12'/; hp, respectively. 

It is also evident from the factors entering into the expression 
for the radius of curvature that, by increasing the radius of the 
cutter, it is possible to make the arcs of the trochoid yet flatter 
and thereby reduce the height between the cusps and the 
trough of each elemental surface, thus improving the quality of 
the finished surface. 

From the foregoing considerations, it is apparent that the 
radius of curvature can be used to indicate, both qualitatively 
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and quantitatively, the effects produced on the path of the tooth 
by the changes in the values of one or more of the variables of 
the cut. Consequently, these variables can be adjusted to obtain 
any desired results. 

In addition to the effects mentioned, which are inherent in 
the methods of generating a milled surface, there are other effects 
which are induced by the flowing metal as the excess material is 
removed in the form of chips. 


QuALity oF Finish MILLED SuRFACES 


In all metal-cutting processes, it is found that, at the very 
beginning of the contact of the cutting edge of the tool with the 
work material, and for a short distance thereafter, the machined 
surface is shiny in appearance and of uniformly good finish, 
while later on, the surface quality changes to that of a dull, coarse 
finish. This transition is illustrated in Fig. 14. 

The length of the shiny surface in the direction of the cut 
seems to depend upon the kind of material, the depth of cut, the 
clearance and rake angles, and particularly on the presence, 
strength, and quality of a film in the nature of an oxide, or an 
oil film of molecular dimensions, existing on the cutting edge of 
the tool and its adjacent surfaces at the time of its first contact 
with the work. 

When this film is eventually removed by the combined effect 
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of temperature and pressure developed at the root of the chip, and 
by the wiping action resulting from the motion of the chip, 
the surface of the tool becomes chemically very active; and 
therefore the material at the under surface of the chip, which is 
in a nascent (or freshly formed) condition, will bond readily to 
the tool. 

When this has occurred, the resistance to the motion of the 
plastic metal of the chip in contact therewith will be increased. 
This will cause the metal in the vicinity of the cutting edge to 
be retarded in its motion, and thus the crystals of the chip 
material become elongated in a direction roughly parallel to the 
face of the tool. 

As the motion of the chip continues, a portion of this material 
stressed beyond the elastic limit will finally rupture from the 
main body of the chip and cling to the tool. As the tool con- 
tinues to advance, the highly stressed material piles up and 
continues to grow both along the face and the region below the 
flank of the tool, thus forming the so-called built-up edge. 
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Fic. 15 PHOTOMICROGRAPH OF MACHINED SURFACE SHOWING 
FRAGMENTS OF BuIL_t-Up EpGE 
(Material, S.A.E. 1112 steel; X50.) 
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Eventually an unstable condition is reached when a portion of 
material located on the outer boundary of the built-up edge, no 
longer sufficiently supported by the tool and under the action 
of the forces produced in the formation of the chip, will shear off 
periodically from the underbody and escape as small irregular 
fragments, both with the chip and the work. 

In a metal-cutting process where a tool remains engaged with 
the chip from the beginning to the end of the cut, and where the 
path of the tool covers the full length of the final surface, the 
presence of the ‘built-up or pseudo edge”’ is particularly detri- 
mental to the formation of a good surface finish. 

The use of a cutting fluid is known to reduce the size of the 
built-up edge and, in special cases, to prevent its formation.* 
Under normal conditions, however, the built-up edge will never 


* Symposium, “Machining of Metals,” 
Metals, 1938. 
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Fic. 16 PHOTOMICROGRAPH OF MACHINED SURFACE Cross SECTION IN DIRECTION OF FEED 


(A, single-point tool; profile of surface shows fragments of built-up edge; B, up milling; profile of surface smooth and free from fragments 
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Fic. 18 PHOTOMICROGRAPH OF PROFILE OF MILLED SuRFACE NORMAL TO FEED 


(Produced under same conditions as in Fig. 17; 


completely disappear, and its fragments will be found on every 
machined surface in the form of small irregular portions of work 
material in a highly worked state and aligned in a general direction 
roughly normal to the direction of the tool path, Fig. 15. A 
cross section of this surface in the direction of the tool path is 
shown in Fig. 16 (A). Here can be seen the pronounced change 
in the quality of the finished surface produced by the fragments 
of the built-up edge. 

In the case illustrated in Fig. 14, the element of smooth surface 
produced at the beginning of the cut extends approximately 
1/«, in. in the direction of the motion of the tool, but in up milling, 
this surface extends for a relatively great distance beyond the 
point where the cut began, Fig. 17. 

A milled surface is composed of innumerable elemental sur- 
faces which are generated in the early stages of a tooth path, 
when the thickness of the chip is extremely small and the cutting 
edges of the teeth are still covered with the cutting fluid used, 
and, in addition, with an oxide film formed during the idling 
period prior to the engagement with the work. 

Therefore, as the cutting process continues, successive chips 
will be formed under nearly identical conditions, and it may be 
expected to find this quality of surface finish as indicated in Figs. 
17 and 16 (B), to extend to all elements of the final milled surface. 
A profile of this surface taken at right angles to the feed within 
the region of a tooth mark is shown in Fig. 18. 

The photomicrographs, Fig. 19, of the actual finish obtained, 
when milling various kinds of work material with a spiral mill, 
prove that these deductions are in good agreement with actual 
practice, 

Blemishes on the finished surface are caused, in some cases, 
by fragments of chips adhering to the teeth and being caught 
between them and the work in subsequent engagements. This 
happened in the case of aluminum, Fig. 19 (A, B), and of 
stainless steel (Rezistal), Fig. 19 (C), all of which were cut 
dry. When stainless steel was milled with soluble oil as the 
cutting fluid, a definite improvement in the quality of finish 
was obtained, as shown in Fig. 19 (D). The specimens of 
copper, brass, and duralumin, Fig. 19 (EZ, F, and G), show a 
remarkably good surface finish, particularly copper. The steels 
including 8.A.E. 3115 milled dry, Fig. 19 (H), with soluble oil 
and water, Fig. 19 (J), and tool steel, Fig. 19 (J), also with 
soluble oil and water, show indications of small fragments of the 
built-up edge, due to an early bonding of the material of the chip 
with that of the tool, thus causing the formation of a small built- 
up edge almost at the beginning of the cut. 

The finish obtained on a cast-iron specimen is shown in Fig. 
19 (K). The irregularities on this surface are due to successive 
ruptures caused by the brittleness of the material. 

Additional proof that the character of the elemental surfaces 
's maintained for a certain distance beyond the point A, Fig. 5, 
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where the tooth first contacts the work, is shown in the cross 
section of the chip and the adjacent surface of the work at the 
beginning of the up-milling cut, performed with a spiral mill on 
a specimen of S.A.E. 1112 steel, Fig. 20. 

The actual point of tooth contact with the work can be deter- 
mined approximately from a direct measurement of the chip 
shown in Fig. 20. Here we find that this chip is approximately 
0.0008 in. thick and 0.0125 in. long. 

Now it has been found that the actual length L, of a chip bears 
a definite relation to the length L, of the resulting surface and 
the conditions under which it was formed. This may be called 
the “cutting ratio.” 

Various values of this ratio obtained on specimens of S.A.E. 
1112 steel with a single-point tool, and with various cutting 
fluids, are listed in Table 1, and the magnified views of the 
corresponding finished surfaces in Fig. 21. 

Comparing the finish of the milled surface, Fig. 17, obtaining 
at the beginning of the cut, with that of the surfaces shown in 
Fig. 21, it is found that the finish of the former surface falls be- 
tween that of the surfaces (2) and (3) of Fig. 21. Hence, the 
cutting ratio L,/L, can be assumed equal to the mean values 
of the ratios obtaining in these surfaces, or the value of 0.382. 

Then, the beginning of the chip, shown in Fig. 20, would be at 

L, _ 0.0125 
0.382 0.382 
location, or in the neighborhood of the point marked A. 

Since the feed per tooth, F,, used in machining this specimen 
was 0.0170 in., then the point of intersection of the following 
tooth will be approximately at B, that is, 0.0170 in. from the 
point where the previous tooth entered. Thus, the element of 
the finished surface produced by the first tooth is the distance 
A-B, Fig. 20, which is well within the region free from fragments 
of built-up edge, as shown in Fig. 17. 

The gradual deterioration of the quality of the milled surface 
along the path of the milling-cutter tooth is shown in the photo- 
micrograph, Fig. 22 (A, B, C, D). At the beginning of the cut, 
Fig. 22 (A), the quality of the finish produced is similar to that 
obtained in Fig. 14. In Fig. 22 (B), taken at a later stage of the 
tooth passage along its path, the surface shows small fragments 
of built-up edge; in Fig. 22 (C) the surface is rough and shows 
the extent of nonuniformity produced by large fragments of the 
built-up edge. This character is maintained in Fig. 22 (D), 
which illustrates the surface at the end of the tooth path. 

The cross section of chip and work taken along the ascending 
portion of the tooth path in up milling is illustrated in Fig. 23. 
In this case the numerous and rather regularly spaced fragments 
of the built-up edge are left behind by the advancing tooth at the 
rate of approximately 2000 per sec. This gives an indication 
of the rate at which the built-up edge forms and breaks down. 
This will continue until the chip is finally severed from the work 


a distance L, = = 0.0325 in. back of its present 
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Fie. 19 QuaLity or SuRFACcE OBTAINED WHEN MILLING VARIOUS KINDS OF WorK MATERIAL 


(A. aluminum, cut dry; depth of cut '/16 in., width of cut 1/4 in.; feed rate, 24 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 675 fpm. 
e aluminum, cut dry; depth of cut !/16in., width of cut '/« in.; feed rate, 61/4 we min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 230 fpm. 
e 


stainless steel, Rezistal, cut dry; depth of cut '/16 in., width of cut '/« in.; feed rate, 3 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting 
speed, 41 fpm. D, stainless steel, Rezistal, soluble oil and water; same as under C. E, copper, cut dry; depth of cut '/is in., width of cut !/«in.; 
feed rate, 61/4 in. per min; cutter, mill, 4 in. diam; cutting speed, 230 fpm. F, brass, cut dry; conditions same asin E. G, duralumin, cut 
dry; conditions same as in Z. H, §.A.E. 3115 steel, cut dry; depth of cut '/1 in., width of cut '/4 in.; feed rate, 3 in. per min; cutter, spiral mill, 
10T, 4 in. diam; cutting s , 40 fpm. J, S.A.E. 3115 steel, soluble oil and water; depth of cut '/is in., width of cut '/«in.; feed rate, 3 in. per 
min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 63 fpm. J, tool steel, soluble oil and water; depth of cut '/is in., width of cut !/sin.; feed rate, 
31/s in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 51 fpm. XK, cast iron, cut dry; depth of cut '/is in., width of cut !/«in.; feed 
rate, 61/4 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 63 fpm; X50.) 
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APPROX. POSITION OF 
BEGINNING OF CHIP 


POINT OF CONTACT 
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Fic. 20 PHoromicroGRAPH OF WoRK AND CHIP AT BEGINNING OF CUT 


(S.A.E. 1112 steel; X75. 


Other conditions same as in Fig. 17.) 


Fie. 21 Quauity or SurFAcE OBTAINED, WITH SINGLE-PoIntT AND Various CuTTING FLuIps 
(Material, S.A.E. 1112; depth of cut, 0.005 in.; speed, 51/2 in. per min; X75.) 


TABLE 1 CUTTING LENGTH RATIO L./Ls 
(Material, S.A.E. 1112; depth of cut, 0.005 in.; speed, 5!/2 in. per min) 


Surface no. Cutting fluid Le/Ls Magnification 
1 Carbon tetrachloride 0.493 X75 
2 Acetic acid 0.417 X75 
3 Methyl alcohol 0.357 X75 
4 Turpentine X75 
5 Benzene 0.213 X75 


when the remnant of the built-up edge will pass off with it, Fig. 3. 

In up milling, the fragments of the built-up edge appear always 
along that portion of the tooth path which will be removed by 
subsequent teeth. Therefore, it is quite evident that a machined 
surface, having a desirable quality of finish, can be produced 
by duplicating indefinitely the conditions obtaining at the very 
beginning of the cut; and, of all known metal-cutting processes, 


up milling is perhaps the only one which, by virtue of its 
characteristics, offers such a possibility. 

The statement has often been made that the incipient motion 
of a milling-cutter tooth into the work is accomplished by a 
momentary sliding for a certain distance, depending upon the 
hardness of the metal being cut and on the rigidity of the cutter 
and work support. 

From Fig. 24, however, it will be seen that a tooth contacts 
the work at a point E on the ascending portion of the path 
generated by the previous tooth with an angle of approach ¢. 

This angle is included between the tangent to the curve at 
E and the horizontal tangent to the points such as D’ and C’. 

The value of this angle can be determined from the equation 
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2x (2Rd — d?)'* 


= 


angle of tooth approach to work, radians 
radius of cutter, in. 
depth of cut (instantaneous), in. 
feed per tooth, in. 
= number of teeth in cutter 


The depth of cut h, obtaining at this point, is equal to the depth 
of the tooth mark. It will be seen that this angle at this instant 


Fic. 22 CHANGE IN SURFACE QUALITY ALONG TooTH 


(Material and conditions same as in Fig. 17. Photomicrographs X50; , ° 
workpiece X 4.) Fic. 24 ANGLE OF APPROACH OF A MILLING-CUTTER TooTH 


FRAGMENTS ARE FORMED 
AT THE RATE OF 2000/SEC 


FRAGMENTS OF 
BUILT- UP EDGE 


DIRECTION OF 
CUTTER ROTATION 


Fie. 23. PHOTOMICROGRAPH OF A MILLING CHIP IN PRrocEess OF FORMATION 
(Material and conditions same as in Fig. 17; X50.) 
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DEPRESSION PRODUCED 
BY SUDDEN STOP 
OF CUTTER 


BEGINNING 


FEED 
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MILLING 
CHIP 


Fic. 25 BEGINNING OF A MILLING CHIP 


(Material and conditions same as in Fig. 17; 


is small but not zero, as is usually believed to be the case. There- 
fore, a small angular displacement a@ of the tooth will result 
with respect to the position C’, where the tooth is moving in 
the direction of the tangent, D’-C’. Incidentally, Equation [8] 
may be used to determine the angle of approach obtaining at 
any other point of the tooth path. 

For this reason, the tooth approaches and contacts the work 
while moving in a downward direction, until the point C’ 
is reached, where the upward movement of the tooth begins. 

Furthermore, at the beginning of the cut, the thickness of the 
chip is extremely small, and the length of the cutting edge 
engaging the work at this instant is usually short for the following 
reasons: 

1 Because the majority of cutters used in milling have either 
helical teeth with the full length of the cutting edge at a constant 
distance from the axis of rotation (spiral mills), or straight teeth 
parallel thereto, but with their cutting edge following a line, the 
points of which are at variable distances from the center of rota- 
tion of the cutter (formed cutters). In either case, there results 
a gradual engagement of the tooth. 

2 In the cutters where the teeth and their respective cutting 
edges are parallel to the axis of rotation, the length of the cut- 
ting edge is inherently limited by their particular use (slotting 
cutters and saws). 

3 Even in those cases (now rare) in which wide straight-tooth 
milling cutters are used, a full length of contact of the cutting 
edge at the beginning of the cut can be assured only by grinding 
the teeth exactly to the same dimensions. Obviously this is a 
practical impossibility. Therefore, however small the variations 
in the distance and alignment of each cutting edge relative to the 
axis of rotation and the fact that each tooth always engages the 
surface generated by the previous tooth, a limited actual length 
of engagement with the work at the beginning of the chip will 
usually result. 

4 Since the teeth of a milling cutter are ground to a sharp 
edge, the area of contact will be exceedingly small. Hence, for ma- 
terials the hardness of which is within the machinable range, 
the force applied thereto for producing the intensity of stress 
needed to cause the material to yield in a plastic manner will 
also be very small, and penetration of the tooth into the work will 
readily ensue upon contact. 

In view of the foregoing reasons, it is unlikely that sliding 
of a tooth on the work will ever occur in practice. 

It might be argued that, under actual operating conditions, 


600.) 


the point of engagement of a tooth is usually very close to the 
point C’, Fig. 24, of maximum distance from the center of the 
cutter and, therefore, a momentary sliding may be expected. 

In the photomicrograph, Fig. 25, in which is shown the cross 
section of a chip and the adjacent portion of the work at a 
magnification of 600, there is no evidence whatever of sliding. 
The minimum thickness of this chip is 0.0003 in. and its length 
0.00625 in. This proves, incidentally, that a tooth of a milling 
cutter can pick up a very thin chip. The beginning of the chip 
would be placed in the neighborhood of point A for a cutting 
ratio of 0.5. From an inspection of this illustration, it appears 
evident that the crystals, of combined carbon and ferrite adjacent 
to the freshly milled surface, show only very slight indication of 
local distortion by the action of the cutting edge of the tooth. 

In the region A, where the chip began to form, we fail to see 
a discontinuity in the surface, which may be taken to indicate 
either sliding or rubbing of the tooth on the work, or sudden 
digging in, coincident with the picking up of the chip. The chip 
itself shows, in remarkably clear detail, the crystals composing 
it. These crystals have maintained their identity intact during 
the process of being severed from the main body of the work. 

The clean-cut outline of the finished surface, and the side of 
the chip which contacted the face of the tool, suggest that a rather 
small work of plastic deformation was involved during the forma- 
tion of this portion of the chip. 

Thus, it appears certain that in up milling the cutting edge of 
a tooth will not slide on the work, but will actually cut as soon 
as contact between the work and tooth is established. 


CLEARANCE AND RAKE ANGLE 


In analyzing the trochoidal tooth path generated in milling, 
it was not necessary to consider the shape of the tooth, since in 
this case it was sufficient to assume a point on the edge thereof 
at the maximum distance from the geometric center of the cutter. 

In actual milling, however, a tooth has definite dimensions, 
and its geometric shape must conform with definite requirements, 
among which are the following: 

(a) The contact between cutter and work must be established 
on the cutting edge of the teeth, and at no time should interfer- 
ence develop between the body of the tooth and work. 

(b) On account of requirement (a), the flank of a tooth should 
be located on a plane deviating from the tangent to the periphery 
of the cutter, by an angle A, known as the “clearance angle”’ or 
“relief.” 
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Fie. 26 CLEARANCE AND Rake ANGLES ALONG PaTH OF MILLING- 
Cutter Toots 


TEMPERATURE AT TOOL POINT 
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Fic. 27 TEMPERATURE AT TOOL Point Versus RAKE ANGLE 
(Data taken from single-point cutting tool, described by Von C. Salomon.*) 
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Fic. 28 HorspPpowER PER CuBic INCHES PER MINUTE VERSUS 
ANGLE‘ 


(c) To improve cutting action, the face of the tooth is formed 
by a plane which deviates from a radial plane by a small angle 
© known as the “rake angle”’ or “‘undercut.” 

(d) The angle included between these two planes (which 
intersect each other on the imaginary line constituting the theo- 
retical edge) is the tooth angle. This is always less than 90 deg. 

The relative position of these angles is illustrated in Fig. 26. 

The clearance angle, therefore, is provided for the specific 
purpoze of preventing an interference between the flank of the 
tooth and the surface of the work. It also has an important 
function, i.e., that of limiting the area of the flank exposed to 
the action of the fragments of the built-up edge escaping with 
the work. It has no particular influence on the power required 
to remove metal. This angle must be made sufficiently large to 

4 Die Werkzeugmachine, December 15, 1929, p. 483. 


5 “Elements of Milling—Part by O. W. Boston and C. E. 
Kraus, Trans. A.S.M.E., vol. 56, 1938, paper RP-56-1, Fig. 5, p. 358. 
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take care of the condition of operation of a milling cutter and 
thus prevent rubbing on any portion of the tooth path. 

The rake angle has a determining influence upon the type of 
chip produced, the pressure, and temperature at the cutting edge 
of the advancing tooth, and on the power required in the removal of 
the excess metal. The relationships between the rake angle 
temperature and power are shown in Figs. 27 and 28. 

A large rake angle is known to ease the flow of metal along the 
face of a tooth, to reduce the cutting temperature, and to favor 
the formation of a continuous chip with a small built-up edge, 
and to lessen the rubbing pressure of the chip on the tool and the 
abrasion resulting therefrom. As a general rule, with an increase 
in rake angle, a longer tool life, a better finish, and more efficient 
metal removal may be expected. In practice constant rake 
angles greater than 20 deg are seldom used, except in the case of 
aluminum alloys, since the improvement obtained therefrom 
may be in some cases offset by an early breakage of the cutting 
edge of the tooth, resulting from the combination of the wearing 
away of the nose of the tool, higher local temperature, and de- 
carburization of the material of the tool point. 

In a milling cutter, the clearance and the rake angles are by 
no means constant; they are affected by the ever-changing 
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Fia. 29 CHANGES IN CLEARANCE AND RAKE ANGLE WITH PosiITION 
or Toots on Its Patu 


position of the tooth, and by the curvature of the tooth path. 
This is illustrated in Fig. 29, showing a tooth in three different 
positions. It is apparent that the following relation exists among 
the various angles in the three different positions of the tooth 


A = A; 


where 2 and A are the original rake and clearance angles of the 
cutter. 

The actual rake angle or undercut in any point in the tooth 
path is the angle included between two lines, viz., the parallel 
to the face of the tooth, and the normal to the trajectory of the 
tooth at the point under consideration, as is indicated in the case 
shown in Fig. 26. Since the angle 8, included between the radius 
R of the cutter and the radius of curvature p, varies continuously 
along the path of the tooth in the manner indicated in Equation 
[9], a variable rake angle will result from the beginning to the — 
end of the engagement of the tooth with the work. Since 
the teeth of a milling cutter are provided with a rake angle ©, the 
actual rake is, therefore, obtained by adding to it the angle 9; 
but 


2e(R—d+F,T| 


R—d 


gt 

| 
688 
SS SPSS 
— 
mad 
= 
Pe 
| 

er 
00 
\ 
572 300 \ / 
100 \ got 

2 

mere 
cls 

> 

we ¥ 

| 

ra 


MARTELLOTTI—AN ANALYSIS OF THE MILLING PROCESS 


hence 
Q, = actual rake angle = 2 

2eV2Rd—d? | 
2e(R—d)+F,T} 


By means of Equation [10], it is possible to compute the actual 
rake angle obtaining under given cutting conditions. It will be 
found that, in ordinary cases, the increase in the rake angle is 
of the order of only a few degrees. 

The clearance angle is determined by the amount that a tooth 
path deviates from a circle, Fig. 26, and is measured by the 
angle 8, made by the radius of the cutter and the radius of 
curvature p. 

If the path were circular, the radius of curvature would co- 
incide with the radius R of the cutter, and the angle 8 would be 
zero. Hence, the minimum angle required is the angle 8. This 
is obtained from the following equation in which the angle 8 is 
expressed as & function of the variables of the cut 


R—d 
+ cos~! tan~! 


Minimum clearance angle = 8 
—d QeV/2Rd—d? 
— tan=! 
The actual clearance angle at any point of the tooth path is 
the result of the difference between the original clearance angle 


A, ground on the flank of a cutter tooth, and the value of the 
minimum clearance 8 obtained with Equation [11]. 


= 


A, = actual clearance angle = A 


QerV2Rd—a? 
+ tan | cos R wae 


At the point O, where the tooth is tangent to the path, the 
minimum clearance angle is zero, and the actual clearance as- 
sumes the value of the original clearance angle. As the depth 
of cut increases, the actual clearance will be reduced by the 
increasing minimum clearance angle, and eventual rubbing on 
the flank of the tooth will develop when the two angles are equal. 

Therefore, Equation [11] can be used to compute the minimum 
theoretical clearance angle required for any particular job. To 
this must be added a small angle to allow for the slight expansion 
of the material of the newly formed surface, and of the fragments 
of the built-up edge escaping with the work. It will be found 
that, on the basis of this formula, the clearance angle will assume 
values far below those which are now accepted in shop practice. 

Tests which have been conducted to prove the validity of this 
formula, however, confirm the desirability of using small clearance 
angles of the order indicated by Equation [11]. This has been 
corroborated by actual application to difficult cutting jobs. 
Charts based on this equation, showing the clearance angle re- 
quired for a given cutter diameter, depth of cut, and feed rate, 
can readily be prepared for use in the shop. 

It is advisable to provide the teeth of a milling cutter with the 
clearance pertaining to given operating conditions rather than to 
use a comprehensive angle for all possible applications of the 
cutter. 

The changes, occurring in the actual clearance and rake angles 
in a tooth of a milling cutter as it travels along its path, are im- 
portant in so far as they affect the quality of finish, the power 
consumed, and the life of the cutter. 

P The derivation of Equations [10] and [11] is given in Appen- 

ix 1, 

Lenotu or Toots 


The total length of engagement of the tool with the work, 
hecessary to complete a machining operation, together with the 
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concomitant abrasive action on the cutting edge by the n wly 
generated surface and the fragments of the built-up edge passing 
off with the work, has a determining influence upon the life of 
the cutting tool. In milling, only a small fraction of the actual 
milled surface, approximately equal to the feed per tooth, is 
used to form the finished surface; the remainder is removed by 
the tooth following, and is, therefore, completely lost. 


° 10 20 30 40 50 690 70 80 
DEPTH OF CUT INCHES 
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(L) LENGTH OF TOOTH PATH - INCHES 


Fre. 30 Revation BETWEEN LENGTH oF TooTH PATH AND DEPTH 
or Cut 
(Diam of cutter, 4 in.; feed rate, 6 in. per min; feed per tooth, 0.021 in.) 


Consequently, a minimum actual length of tooth path is a 
desirable goal. This length is a function of the variables of the 
cut, as expressed in the equation 


L = R cos"! (1 + (Dd — [13] 


R 
where 
L = length of tooth path, in. 
d = depth of cut, in. 
F, = feed per tooth, in. 
D, R = diameter and radius of cutter, respectively, in. 
T = number of teeth in cutter 


The derivation of Equation [13] is given in Appendix 2. 

For any given condition, in which the depth of cut and the 
feed rate are known, the only variable on which we can operate 
to reduce L is the diameter of the cutter and the number of teeth. 
The feed per tooth, in accordance with the foregoing analysis, 
should be maintained as large as is consistent with the operating 
conditions of the job in hand. 

A typical example illustrating the results obtained in the 
application of Equation [13] is shown in Fig. 30. From this 
chart, we can get some general idea of the advantage obtained in 
limiting the amount of stock removal to a minimum consistent 
with the design and the method of manufacturing a given part. 

Assuming the cutting conditions, as shown in Fig. 30, and 
further, that the piece to be machined is 12 in. long, and that 
the feed per tooth is 0.021 in. with a 10-tooth 4in-diam spiral 
mill, and 30-fpm cutting speed, then the total number of engage- 
ments made by a single tooth, per piece milled, will be 


12 
10 X 0.021 


If the depth of the cut is '/, in., then from Fig. 30, the length 
of tooth path will be 1.04 in. and the total length of surface 
milled by a tooth will be 57 X 1.04 = 59.28 in. If the depth of 
cut is reduced to '/s in., the length of tooth path will be 0.72 in., 
and then the total length milled per piece will be 57 X 0.72 = 
40.47 in. This means that the total length of surface milled per 
tooth in the latter case will be 18.81 in. shorter than the length 
milled in the former case, under otherwise similar cutting condi- 
tions. If the number of pieces milled were 100, then the total 
saving in milled surface will amount to 1881 in., or approxi- 
mately 157 ft. Furthermore, by reducing the depth of the cut, 
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the thickness of the chip (and thus the work done by it) is like- 
wise reduced. 


THICKNESS OF UNDEFORMED MILLING CHIP 


Knowing the conditions of the cut and the length of the tooth 
path, it is now possible to determine the average thickness of the 
undeformed chip. This can be readily accomplished by con- 
sidering the equivalence between the areas of the rectangle 
A-B-C-D (the sides of which are equal to the feed per tooth 
F, and depth of cut d), the parallelogram A-B-C’-D’, and the 
geometric figure A-N-D’-C’-N-B. This area, less the area of 
the triangle D’-E-C’ is equal to the area E-A-B, which is the 
area of the cross section of the undeformed chip, Fig. 24. 

However, the area of the triangle D’-E-C’ is nearly equal to 
hxXxF, 

2 
determined by Equation [5], we can disregard the effects of this 
area on the total area of the undeformed chip. Consequently, 
we can write 

Area of undeformed chip section = 


and, due to the very small value of the quantity h, as 


[14] 
Average undeformed chip thickness = 
F, Xd 


where L is the length of tooth path, as given in Equation [13]. 

The variation of the average undeformed chip thickness ob- 
tained in a specific case, and as a function of the depth of cut, is 
shown in Fig. 31. 

The average thickness of the undeformed chip can be used to 
advantage in determining the cutting ratio, namely, the ratio 
between the length of the actual chip and the length of tooth 
path, and in estimating the amount of metal removal by a single 
tooth. Since, in the measurement of either the power or the 
force involved in a cutting process, average values are generally 
obtained, it appears more logical to refer these values to the 
average thickness of the undeformed chip, which is a function of 
all the variables of the cut, rather than to only one of these 
variables, as in the case shown in Fig. 10. Here, the efficiency 
of metal removal is shown plotted against the feed per tooth. 
These data, replotted on the basis of the undeformed cross section 
of the chip, are shown in Fig. 32. 

By plotting the efficiency of metal removal (cubic inches per 
minute per horsepower input to the machine) against the average 
chip thickness, tavg, the difference between the efficiency obtain- 
ing in two extreme cases, such as '/s2 in. and '/; in. depth of cut, 
is considerably less than on the basis of the feed per tooth F;,. 
If the efficiency of metal removal is computed on the basis of 
power consumed at the cutter, then the efficiency obtaining under 
the various cases represented in Fig. 33 tends to disappear 
and a single curve could be used to cover the range of depth of 
cut shown therein. In this case, the average chip thickness 
could be used in establishing the relationship between the condi- 
tions of the cut and the corresponding power required. 

This was done for the values shown in Fig. 33, and the follow- 
ing empirical equation was obtained 

[16] 
where 


E = metal removal, cu in. per min per hp at cutter 
tave = average thickness of undeformed cross section of chip, 
in. 
INSTANTANEOUS THICKNESS OF UNDEFORMED MILLING CHIP 
The instantaneous radial thickness of the undeformed cross 
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section of the chip, however, is one of the basic elements of the 
milling process. This is a segment intercepted by two consecu- 
tive tooth paths on the normal to the point of the tooth path 
under consideration. In the case of a circular tooth path, Fig. 
34, the instantaneous radial thickness MN is a segment of the 
radius of the cutter, while in the case of a trochoidal tooth path, 
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Fig. 35, the segment 7,” 7,’ is part of the radius vector p: (on 
the radius of curvature) normal to the point 7,’ and limited by 
the instantaneous center of rotation C, and the point 7,’ on the 
tooth path. 

The corresponding analytical expression, for the case in which 
the path of a tooth is assumed to be circular, is known, but will 
be derived here in the form which has been found to be more 
suitable for comparison with that for the trochoidal tooth path. 

From the geometry of Fig. 34,.and for the position M of tooth 
2 therein indicated, the following equation has been derived for 
the thickness ¢, of the cross section of the undeformed chip with 
the assumed circular path 


t, = R + F, sin a, — (R? — F,2 cos ag*)'/*...... [17] 


The derivation of Equation [17] is given in Appendix 3. |The 
angle a; appearing in this equation gives the angular displace- 
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ment of the tooth 2 with respect to the vertical drawn from the 
center B’ and corresponding to the position M, of the tooth. 
This angle can be obtained from the known data as follows 


(2 Rd — — F, 
[R? — 2 F,(2 Rd — + 


a, = ..- [18] 


R = radius of cutter, in. 
instantaneous depth of cut at point N, in. 
feed per tooth, in. 


F, = 


It has been found, however, that for the values obtaining in 
practical milling the expression under the radical in Equation 
[17] is approximately equal to R?, hence a simplified form of 
this equation is 


Substituting in this equation the expression for the angle ag 
obtained in Equation [18], the following equation for the thick- 
ness t. is obtained 


(2 Rd — d?)'* — F, 


= 
[R? — 2 Rd — + 


A similar equation can be derived for the thickness ¢ of the 
undeformed cross section of the chip, obtaining when the true 
path of the milling-cutter tooth is considered. From the condi- 
tions represented in Fig. 35, and for the position 7':’ of the tooth 
2, the expression for the thickness at this point t2 is 


te = + A; sin — — cos [21] 


This is a more general equation of the thickness of the unde- 
formed cross section of the chip, since it includes the approximate 
case of the circular tooth path. In fact, Equation [17] can be 
obtained directly from Equation [21] by eliminating, in this 
equation, the terms containing r, the pitch radius of the pinion. 
In Equation [21], the thickness t, is expressed as a function of 
the distance p: from the center of the instantaneous rotation 
C, to the point 72’ on the path of the tooth (2), the distance p; from 
the instantaneous center of rotation D,; to the point 7,” of the 
path of the tooth (1). These segments are, therefore, normal to 
the tangent to the path at their respective points T;’ and T,’. 
The thickness ¢ is also a function of the angle @ made by p2z 
with the vertical drawn from the center of instantaneous rotation 
C,, and of the quantity A;, which is the distance between the 
center D, and 

When Equation [21] is used within the limits of practical 
milling operations, it can be simplified without greatly affecting 
the values obtained therewith. It will be found, therefore, 
that the term under the radical sign may be assumed equal to 
pi? and that p, can be taken equal to pz Hence Equation [21] 
will assume the form 


= A, sin 6..... 
but, since 
R sin Qe 
it follows that 
A, R sin 


The quantity p: is a function of the variable of the cut, as in- 
dicated in the equation 


pr = (r? + cos [24] 


In Equation [23] the thickness t, is expressed as a function of 
the variables of the cut in which are included the angles a; and 
a. The independent variables in a practical case are the feed 
rate, depth of cut, and diameter of the cutter. Of these variables 
the one which determines the value of the angle a; and a; is the 
depth of cut (refer to parametric Equation [2]). At any instant, 
this is given by the maximum vertical distance from the point 
T,” to the finished surface of the work. Eventually this will 
assume the value dm, the actual depth of cut, which corresponds 
to the maximum thickness of the undeformed cross section of the 
chip. When the distance d of point 7,” is used as the independent 
variable the angle a; can be determined. It is, however, neces- 
sary to determine the relationship between the angle a; and the 
angle a. An approximate relationship between these two angles 
can be found by considering the change occurring in both angles 
as the tooth 2 travels along its path. 

For the position 7; of the tooth 2, the angle a, is zero, while 
the angle a, has assumed a value determined by the angular 
displacement required to bring the radius R from the position 
T, to T;’. Coincident with the rotation of radius R, there is a 
translation of the center B, of the cutter to B,’ along the line 
of centers by an amount r q, resulting from the motion of the 
pinion on the base line. The value of a at this particular in- 
stant can be readily determined from the parametric Equations 
[2] by assuming that sin a; is equal to the arc q, and this in turn 
equal to y.. The justification for this assumption is found in 
the fact that the angle a is, in this case, very small. After 
making the necessary substitution and solving for y there results 
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The distance A between centers B,’ and B:, which was origi- 
nally equal to F,, is now 


As tooth 2 proceeds along its path, the angle 7 changes and, 
for the new position B,” and B,’, the centers B, and B, of the 


cutter assume a new value y’, which is equal to the difference 
between a,’ and az 


When tooth 2 has reached the position 7',”, a, and a are equal, 
hence y vanishes. Therefore, the following positions are possible 


a =0 @ A=F,—ra 
az = Ae 7’ = a,’ — ae A; = F,— — a) . {d] 
ae = 7" =0 A, = F, 


Assuming a linear variation for the angle y between the point 
T; and T;” in which the angle a: varies from zero at T; to ap- 
proximately +/2 at T;", any intermediate value y’ of y, will be 
obtained as follows 


But from Equation [c], and with the further approximation 
= 3, there results 


The angle a,’ which appears in this equation is a function of the 
independent variable d (instantaneous depth of cut) and is 
obtained by solving the second equation of the system [2]. 
Hence 


R—d 


a = 


Therefore, from Equations [a], [g], and [f], the value of a in 
radians is obtained . 


2 


By making the necessary substitution in Equation [d], the 
quantity A can be expressed as a function of the given variables 
of the cut 


2 R— 
R+ cos R 3 


A, = t 2 

R + ye 3 F t 

Returning now to Equation [23], it is possible to substitute 

for the quantity p:, a2, and A, their corresponding expressions, 

Equations [24], [25], and [26], which have been obtained in the 
foregoing analysis. The result is 
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(Material, S.A.E. 1112; width of cut, 4 in.; cutter, spiral mill, 10T, 4 in. 
diam; cutting speed, 63 fpm; cutting fluid, soluble oil and water.) 
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(Cutter, spiral mill, 8T, 4 in. diam; depth of cut, 1/s in.; cutting speed, 63 
fpm; cutter, ‘spiral mill, 4T, 2 in. diam; cutting speed, 63 fpm.) 


The results of the actual power consumed at the cutter with 
a standard spiral mill on cast iron and S.A.E. 1112 steel have 
been plotted in Figs. 36 and 37, against the radial thickness 
i, and ¢ of the undeformed section of the chip, obtained from 
Equations [20] and [27], respectively. 

On the basis of equal power consumed, it is only when the feed 
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rate is unusually high that the difference between ¢ and ¢, and, 
consequently, the error in evaluating the thickness, will be 
increased if Equation [20] is used. 

Although the difference between ¢, and ¢ becomes increasingly 
greater as the feed rate is increased, this does not justify the use 
of the more complicated expression for t, given by Equation [27]. 
Therefore, it is suggested that the simpler Equation [20] be used 
in practical application. Particularly appropriate is this choice 
when we consider that in actual practice the values of ¢ range 
between 0.001 and 0.01 in. In this region, the error in the 
evaluation of ¢ is negligible. 

It is customary to use the feed per tooth as a criterion in 
estimating the tooth load on a milling cutter. This, however, 
in the light of the information contained in Equations [20] and 
(27], supplemented by the example illustrated in Fig. 38, leads 
to incorrect appreciation of the actual thickness of the metal 
being removed by a tooth. 

The feed per tooth is determined by the feed rate of the work, 
the number of teeth, and revolutions per minute of the cutter, 
Equation [7]. As long as these are maintained constant, a 
change either in the depth of cut or the diameter of the cutter 
will not affect the feed per tooth; a change, however, will result 
in the radial thickness of the undeformed section of the chip. 

Moreover, When the feed per tooth is increased, the corre- 

CUTTER ROTATION \ \ 


TANGENT TO 
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woRK 


Fic. 39 Force DiaGram SHow1nG RELATIONSHIP OF FORCES AT 
EpGe or a TooTH 


sponding radial thickness t, becomes progressively smaller than the 
feed per tooth. The foregoing conditions are illustrated in 
Fig. 38. Since the radial thickness ¢, determines the depth of 
the section of metal which is directly under the action of the 
advancing tooth, this is a truer indication of the work involved 
during the process of forming a chip than the feed per tooth. 


HorizONTAL AND VERTICAL COMPONENTS OF THE CUTTING ForcE 


Of particular interest is the relationship between the radial 

thickness ¢, and the experimentally determined average values 
of the components of the cutting force R in the direction of the 
feed and normal thereto. 
In the vector diagram, Fig. 39, showing a milling-cutter tooth 
in the process of forming a chip, these forces are indicated by 
vectors H and V, respectively, and they are shown as applied 
to the work, 

Their resultant R can be solved in two components, S and N, 
parallel and normal to the face of the tooth, respectively. 

From the known value of R and knowing the angle y made by 
N with the horizontal, it is possible to determine the intensity 
of N and S. 

The angle y, however, is equal to the sum of the angle ¢ 
(Equation [8]) made by the tangent to the tooth path with the 
horizontal and the actual rake angle 2, both of which vary with 
the position of the tooth along its path. 
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Since the intensities of the vertical and horizontal components 
of R are average values, it is therefore sufficient in many cases 
to assume also an average value for y. 

Hence, the corresponding intensities of N and S could be 
computed from the known values of H and V. These, for the 
case of slab milling on cast iron and S.A.E. 1112 steel specimens, 
are given in Figs. 40 and 41, respectively. The values of the 
forces were obtained by calibrating with known loads the struc- 
ture of the milling machine on which these tests were conducted. 
This method offered the advantage of operating under conditions 
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(Material, S.A.E. 1112; width of cut, 4 in.; cutter, spiral mill, 10T, 4 in 
diam; cutting speed, 63 fpm; cutting fluid, soluble oil and water.) 


identical with those obtaining in practice and, furthermore, of 
increasing the reliability and accuracy of the results by the 
simplicity and rigidity of the setup. 

The values obtained indicate that: 

(a) With good approximation the horizontal and vertical 
components of the cutting force are proportional to the maximum 
thickness ¢ of the undeformed cross section of the chip. 

(b) The horizontal component increases rapidly with the 
depth of cut. 

(c) The intensity of the vertical component is considerably 
less than that of the horizontal component. Furthermore, the 
vertical component shows a marked tendency to remain un- 
changed at shallow depth of cut and eventually to decrease and 
possibly become negative with deeper cuts. 

In the case of 1/, in. depth of cut on cast iron, Fig. 40; this 
decrease of the vertical component begins with a value of 
t, = 0.006 in. 

For depths of cut above '/s in., a reversal of the direction of 
the vertical component may take place as the tooth approaches 
the end of its travel through the work. 
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CONCLUSIONS 


In the analysis presented, it has been shown that the path of 
a milling-cutter tooth is an arc of a trochoid, the parametric 
equations for which can be derived from known variables of the 
cut. 

Thus the milling process may be approached from a mathe- 
matical viewpoint. This is particularly helpful in the evaluation 
of such elements as the radius of curvature of the tooth path, 
the clearance and rake angles of the length of the tooth path, the 
radial thickness of the chip, and their effects upon the quality 
of milled surface, power consumed, and cutter life. This method 
of analysis, supplemented with actual photomicrographs of 
surface and chip, has been used to prove that a tooth of a milling 
cutter will not normally slide on the work but will actually 
penetrate immediately upon contact. 

Furthermore, it has been shown that, in the up-milling process 
a good quality of machined surface is usually obtained. 

When comparing different milling methods, it will be found 
that a better perspective of the advantages and disadvantages 
inherent in each method will be obtained by resorting to a more 
accurate determination of such elements as the length of tooth 
path, the actual clearance and rake angles, and thickness of the 
undeformed cross section of the chip. 

In metal-cutting problems, it is always necessary to weigh a 
number of factors in relation to the desired result; this may be 
either economical operations of the machine, long tool life, or 
quality of finish on the machined surface. The proper solution 
of this problem may be greatly aided by a better understanding 
of the inherent operational functions of the basic elements of the 
process chosen for carrying out a given machining operation. 
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Appendix | 


The derivation of an expression for rake and clearance angles 
is given as follows: 


In the instantaneous position of the tooth, shown in Fig. 26, 
the actual rake angle is 


=2+8 
But Q is the known rake angle of the tooth and 
From Equation [2] 
R—da 


a = cos~! 


and ¢ is the slope of the tangent to the curve, given by 


dy /da 


Differentiating Equation [2] with respect to the parameter a, 
and then replacing y with d 


V2Rd—d 
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Substituting for r, the expression obtained from Equations [1] 
and [7] 


2rV2Rd—d 
24 (R—d)+F,T 


2rV2Rd—a 


= 


Therefore 


2"(R—d)+F,T 


—d 
B = cos"! — tan=! 


The actual rake angle is 


2xV2Rd—a? 


R— 
-1 
2x (R—d)+F,T 


Since the actual clearance angle is 


it follows 


2eV2Rd—ad 
2"(R—d)+F,T 


4, = 4+ tan"! 


Appendix 2 


The derivation of the length of tooth path is as follows: 
The differential of the are of trochoid from parametric Equa- 
tions [2] is 


ds = V(r + R cos a)? + R* sin? a X da 


24 


1+ a ob in binomial series, and disregarding 


the terms of higher power than the first 
cos X da 


|i 


Integrating between the limits a =0, a=a 
=Vr+R*Xat 


Developing 


rR 


If r? is disregarded, then 

L=Ra+rsina 
From Equation [2] 
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Appendix 3 
The derivation of Equation [17] is as follows: 
From Fig. 34 
t, = R— R’ 
R' = R sin (90 — a) " R cos a, 
a: COS 
But 
and 
@e 
therefore 


= R cos (a2 + 008.22 008 ¢ — sin sin 


COS Ge COS 
(co sin ay sin 
COS 
Since 
F, cos 
si 
R 
1 
cos € = —— = R V — cos? 
hence 


(i, V Rt — F} cos? 


R cos as 


= V — F? cos? ay — F, sin 


and 


t, = R + F, sin a — — cos? a 


The derivation of Equation [21] follows: 


From Fig. 35 
= p2 — pr’ where p2’ = 
but 
B 
pe sin (90 + 6) 
and 
8 = 180— {90 + 6+ «} = 90— (0+ 
where 
C,T1"D, and B = 
therefore 
» (0 + 
cos 6 
Upon substitution 
feos (8 + e) sin e X sin 6 
pr p2— pi cos e + 
Since 
sine cos @ 
A cos 6 
sine = 
Pi 
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and 


Results 


to = pp + Asin @ — Vp? — A? cos? 6 


Discussion 


O. W. Boston.* This analysis of the actual curvature of 
travel by the tooth point of a plain milling cutter as it removes a 
chip, having a definite depth of cut and feed as it deviates from a 
true circular path, is very interesting. Such analyses have been 
made previously by Dr. Eng. C. Salomon,’ who presents a new 
theory of metal removal by milling, and by N. N. Sawin.* 

For all cutters which cut on the periphery of the tooth, the 
length of the chip removed by each tooth depends principally 
upon its diameter and the depth of cut, as the feed per tooth is 
relatively very small in comparison. Fig. 42 of this discussion 
shows an end view of plain- or side-milling cutters removing chips 


Toorm CurTER 


Fie. 42) GRArHICAL A»ALYSIS OF FuRMAiIUN WHEN MILLING 
Up anp Down WitTH CoaRsE- AND FINE-Tootu CUTTERS 


(With thick chips removed more efficiently, from a power standpoint, than 

thin chips, it is seen that the 4-tooth cutter is more efficient when cutting 

down at B than when cutting up. It is seen, also, that the fine-tooth cutter 

is more efficient when cutting down at D than when cutting up. Further, 

it is seen that the fine-tooth cutter when cutting down is more efficient than 

the coarse-tooth cutter when cutting down, the feed per tooth in all cases 
being the same.) 


by the peripheral cutting edges of the teeth. The cross-hatch 
area at A indicates the sectional area of the chip removed by a 
single tooth. The feed per tooth, exaggerated, and the depth 
of cut are indicated. The tooth comes in contact with the sur- 
face of the work at the point X and leaves the work at the point Y. 
The curve XY is that discussed by the author. The tooth point 
rubs over the surface of the work at the point X as the material is 
fed to the right, as indicated by the arrow, while the cutter ro- 
tates clockwise until the normal force between the tooth and the 
work is sufficient to cause the cutting edge to dig in. If the cut- 
ting edge is dull, a considerable force between the work and cutter 


¢ Professor of Metal Processing, University of Michigan, Ann 
Arbor, Mich. Mem. A.S.M.E. 

7“Die Frisarheit,"" by C. Salomon, Werkstattstechnik, vol. 20, 
1926, pp. 469-474. 

8 ‘*Theory of Milling Cutters,”” by N. N. Sawin, Mechanical Engi- 
neering, vol. 48, 1926, pp. 1203-1209. 

Note: The articles of ref. (7) and (8) are abstracted in ‘‘Bibliog- 
raphy on the Cutting of Metals,”” A.S.M.E. 1930. 
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practically zero at the point X, and reaches maximum at the 
point Y. The cross-sectional area of the chip removed is equal 
to the product of f, the feed per tooth in inches, multiplied by d, 
the depth of cut in inches. If the diameter of the cutter in © 
inches is D, the average thickness of the chip removed is 


a 
d d 
The horizontal length of the cut as indicated by L, = »/d(D — d). od 
From the A.T.C. formula, it is found that the average thickness . 
of chip having a feed equal to f, and a depth equal to d, is 3 
less than the average thickness of chip having a feed equal to 2f Y, 
d 
and a depth equal to 5? even though the cross-sectional areas of i 
the two chips are equal. 
The author has used average thickness of chip as a basis for ad 


comparing power or energy determinations. This was pre- 
viously done by Parsons. The writer has proved to his satis- 
faction that A.T.C. is not a good criterion for such a basis, but 


A.S.M.E., vol. 45, 1923, pp. 193-227. 


of cut in inches) 
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is necessary before a chip starts to be formed. The thickness rather that a formula for energy in foot-pounds per chip is 
of the chip at right angles to the path of the cutting edge is EH = C wf? d’, where C is a constant and w is the width of cut in 
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Up: 
gow 
Cold-rolled low-carbon steel 


wo: 4 
E = gon 


33,000 


S.A.E. 3150 steel (KF)..... E = 


S.A.E. 6140 steel (A-13).... E = dv 


Free-cutting screw-stock 


Cc 


Up: 
E = gon 


Cc 


Down: 
E= 0.83 


Up: 
E = 


Down: Cc 
E = Cwf-si gon 


« Feed in inches, 0.010; depth of cut in inches, 0.125. 


* Cutting Suid is ory 

utting flui is a soluble oi 1 pee to 10 parts water. 
Cutting fluid 5 is a No. 2 lard oil. : 
Cutting fluid 6 is a light mineral oil. 


Cutting fluid 10 is a sulphurized light mineral oil. 


™ 33,000 


33,000 
Cc 

Wood fiber...... 33,000 


™ 33,000 ™ gue 


————Formulas — 
Material cut Energy, ft-lb. Hp. per cu. in. 
per chip per min. 
S.A.E. 1020 steel, A-1...... both up and down : f° 


33,000 

™ 33,000 


Cast iron (CF)............ E = Cufos dom - 

Leaded screw-stock brass cupn = 
Anmealed leaded serew-stock ee 

Pure copper.............. E = Cwf?-s2 


(Down) 


(Down) 


Cup FoR VARIOUS FEEDS AND Deptus or Cut 


milling down, dashed line.) 


(Formula: E = Cwf?d¥, in which, C = constant for cutter, material, and cutting fluid; 
pounds per chip; w = width of cutter in inches having 15-deg. rake; 


1.084 
1 


Cc 
= 33,000 (UP) 0.936 
(Down) 


(Up) 0.1432 


(Up) 0.0685 


Cutting fluid 8 is a light mineral oil containing 10 per cent No. 2 lard oil. 


Down 


0.0618 


TABLE 2: NET ENERGY AND HORSEPOWER FORMULAS, WITH VALUES OF THE CONSTANT 


C, FOR MILLING DIFFERENT MATERIALS, erUtne AND DOWN, WITH VARIOUS CUTTING 


E = energy in foot- 
Jf = feed in inches per chip; and d = depth 


Values of C 
in./min.? 


No. Up 


~ 


. 


Down 


Fic. 48 Enerey at Toot Potnt ReQquirep IN Foot-Pounps per 


ss . . : ’ (Operation of milling brass with lard oil and a side-milling cutter 0.347 ir 
* **Power Required for Cutting Metal,” by Fred Parsons, Trans. wide, 3.5 in. diam, and 15-deg rake; when milling up, solid line, and whes 


| 

0 
4 
8 | 

ps 
aes 0.952 4 4320 3790 
0.796 5 3980 3170 
1.084 1.043 6 4320 4150 
1.043 0980 8 4150 3900 
Bees Foy 0.930 0.854 10 3700 3400 
; 

0.775 5 .. 4260 
1.180 1.082 10 9780 8980 
ye 1.348 1.427 8 9950 10520 
0.954 0.784 8180 6720 

1.437 1.525 9700 10400 
1.437 1.525 9700 10400 
0.685 0.740 595 643 
0.381 0.358 3830 3600 

0.307 0.307 3700 3700 

0.3095 0.807 3730 3700 

0.573 0.491 6040 5170 
1.233 1.049 5980 5090 
0.795 0.695 3860 3375 

— 1 281 
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inches. Such a formula holds not only for the energy in milling, 
but for the torque and thrust in drilling, and the cutting force in 
turning. Values of energy in foot-pounds per chip are shown for 
various combinations of depth and feed in Fig. 43 of this discus- 
sion, in which a log-log scale is used. At the left of Fig. 43, the 
milling energy in foot-pounds per chip for various values of feed 
per tooth for three depths of cut is shown, namely, 0.05, 0.10, 
0.15 in., when cutting brass, consisting of 65.5 per cent copper, 
34.1 per cent zinc, 0.25 per cent lead, and 0.10 per cent iron.!° 
The solid lines represent the energy values when cutting up, 
as shown at A in Fig. 42, and the dashed lines the values when 
cutting down, as shown at B in Fig. 42. It is interesting to 
note that all six lines are parallel, the tangent of the angle of the 
slope being 0.77 which becomes the exponent z of f in the energy 
equation. It is seen that, if the depth for a given feed is doubled 
or tripled, the energy increases almost but not quite in the same 
proportion. The variable-feed curves show that cutting down 
requires less energy than cutting up, although this relation does 
not hold true for all metals, as shown in Table 2 of this discussion. 

At the right in Fig. 43 are shown the milling-energy values in 
foot-pounds per chip for variable depths for each of two values of 
feed per tooth. Again, four straight lines are obtained, all of 
which are parallel. It is seen that, for a given depth of cut, if 
the feed is doubled from 0.005 to 0.010 in. per tooth, the energy 
increase is in the proportion of 2 to 3.5. This shows that thick 
chips require less energy in proportion than thin chips. The 
tangent of the angle of slope of these lines is 0.96 which becomes 
the exponent y of the depth d. 

From the results of Fig. 43, an equation giving the relation 
between the net energy in foot-pounds per chip EF, the width of 
the cutter w, the feed per tooth f, and the depth of cut d, all ex- 
pressed in inches, may be written 


1©**The Elements of Milling,’’ by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 54, 1932, puper RP-54-4, pp. 71-92. 


E = 


C representing a constant which, when cutting up, is 6040 and, 
when cutting down, is 5171. The energy values have been 
found to vary directly with the width of the cutter w. Similar 
equations for other materials when cutting up and down and 
using various types of cutting fluids are shown in Table 2 of this 
discussion for relatively light cuts for which the depth of cut is 
0.125 in. and the feed per tooth 0.01 in. This equation shows that 
the energy per chip increases with an increase in feed and depth of 
cut only as the 0.77 power of the feed and the 0.96 power of the 
depth of cut. This proves the desirability, from a power stand- 
point, of taking heavy feeds. 

The average thickness of chip (A.T.C.) is a function of the 
feed and depth of cut as explained. Fig. 44 of this discussion 
shows the net energy required at the tool point to remove various 
metals, such as free-cutting brass, cold-rolled steel (low-carbon), 
S.A.E. 1020 steel, and cast iron for various values of A.T.C., but 
for three different depths of cut, namely, 0.01, 0.1, and 1 in., re- 
spectively. The feed was such as to give the A.T.C. indicated. 

The cubic inches of metal removed per horsepower-minute for 
milling free-cutting brass takes the form of one straight line 
when plotted over the A.T.C. on log-log paper, when the depth of 
cut is 0.01 in. Another straight line is obtained, somewhat be- 
low the first, for the same feeds when the depth of cut is 0.1, 
and a third straight line is obtained when the depth of cut is 1 in. 
This indicates that, for a given depth of cut, a straight power 
line is obtained, when the feed is varied to obtain different values 
of A.T.C. for a given depth of cut. For a constant value of 
A.T.C. such as 0.0006, the cubic inches per horsepower-minute 
for cutting brass are 2.5 when the depth is 0.01, but only about 2 
when the depth of cut is 0.1 in. Again, 2.5 cu in. of the brass are 
removed per hp per min when the A.T.C. is 0.0006 in., 0.0013 in., 
and 0.0023 in., respectively, for the three depths of cut. The 
results for the other metals show also that A.T.C. is not a safe 

basis for computing energy values. The cold- 


20 rolled steel being milled with lard oil is the one 
60 exception, as the variation of depth does not 
40 destroy the continuity of the three curves. 
The results of Fig. 44 indicate the desirabil- 
r ity of taking small depths of cut when milling 
08 | free-cutting brass. The reverse appears to be 
30 +120 indicated when milling cast iron and steel. 
From this it is clear that the A.T.C. alone is 
| | | not a proper basis for determining power re- 
r he 1.000. & Net-energy and horsepower formulas with 
af 0203 On rials both up and down, with a variety of cut- 
_ » ting fluids, are given in Table 2 of this discus- 
Lo sion. These formulas and values are for the 
4 = y sizes of cut and cutter as indicated in the table 
07 The cutting condition, shown at A, Fig. 42 
06 of this discussion, represents that most com- 
onl as monly used. The cutter rotates clockwise, 
i | 920 greek ' ame while the work is fed to the right, both motions 
Abn a4 being indicated by arrows. In this manner, 
“2 ges rece” the cutting tooth cuts against the motion of the 
sas acre as work. This is referred to as cutting up, or 
pt al | against the feed. At B the cutter rotates 
004 0006-0008 004 006 


Aveense Trcaness of i Incres 


Fic. 44 Retation Between A.T.C. anp Cusic Incnes per Net Horserower- 
Minute WHEN Cutting SEVERAL MATERIALS AT THREE DIFFERENT Deptus or Cut 


Fhe curves are based on the horsepower formula given in Table 2 of this discussion, but 
Plotted over the A.T.C., determined from the formula. All values are for milling up. Oil 


No. 5 is a No. 1 lard oil.) 


clockwise, while the work is fed to the left. 
This is called climb or down cutting, in which 
the cutting action is with the feed. The feed 
per tooth of the 4-tooth cutter is the same at A 
as at B. An analysis of the two chips formed 
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shows that the chip at A is thinner and longer than the chip at 
B. Illustrations at C and D represent, respectively, chips pro- 
duced by a tooth of a 20-tooth cutter when feeding up and down. 
Again, it is seen that the chip at C is much longer and much 
thinner than the chip at D. Therefore, the shape of the chip 
produced by a cutter of a given number of teeth is influenced by 
the cutting being done up or down. Also, the difference in 
shape of the chips is greater, the greater the number of teeth in 
the cutter. 

The author discusses the influence of films of various types on 
the built-up edge during the formation of a chip. The writer is 
not in agreement with his statements; the writer’s views on the 
matter were presented in the form of a discussion to a previous 
paper!! by Ernst and Merchant. 


O. R. Scuuria.'*? Thoroughgoing studies of the kind presented 
in this paper are basic in establishing the fundamentals of every- 
day shop operations which are in common use and which are 
so little understood, except for such studies. A more complete 
understanding of the processes involved will permit operators of 
machines, or those who control shop practices, to speed up pro- 
duction, or to obtain an improved surface quality, or to increase 
the life of machine tools, as the case may be. 

The author mentions certain advantages resulting from up- 
milling, including smoother surfaces, because the built-up edge, 
if any, is not close to the cutting edge when the cut is started, 
and the initial cut is the one which remains on the final surface. 
It is also understood that a built-up edge is later formed, as the 
cutting edge advances and cuts more deeply into the metal. 

The writer, therefore, wishes to inquire whether the built-up 
edge formed on the tool face at the end of the cut remains there 
as the tool leaves the metal and, if so, why the presence of the 
built-up edge does not affect the smoothness of cutting at the 
beginning of the next cut after 1 revolution? 


A. E. RicHarp DE JonGE.'!* The author has chosen for his 
investigation a highly interesting subject which required clearing 
up beyond what was known heretofore. His analysis of the 
milling process must, therefore, be received with gratification 
by the profession. It should be kept in mind, however, that the 
subject is by no means a new one. The first clear statements 
about the milling process were made by Prof. F. Reuleaux, in 
1900, who published them in the second part of his ‘‘Lehrbuch 
der Kinematik.’’'* He was the first to draw attention to the 
fact that the paths of the teeth of a milling cutter are trochoids 
(he calls these curves cycloids). He also was the first to discuss 
the two modes of feeding the material to the revolving cutter, 
namely, in the direction of rotation of the cutter, and against 
it. Today, these two processes are called down-milling and up- 
milling respectively. He had tests made here in the United 
States, by Messrs. Pratt and Whitney, on whether the first or the 
second mode of feeding was preferable and produced smoother 
and better work. The results were indecisive as the marks due 
to tooth errors were much more pronounced than were the tooth 
marks. Other tests made at that time for him by Messrs. 
Ludwig Loewe and Co., of Germany, favored down-milling. 
Reuleaux also gave a simple formula which showed that in order 


11“Chip Formation, Friction, and High Quality Machined Sur- 
faces,"’ by Hans Ernst and M. E. Merchant, Trans. American So- 
ciety for Metals, 1940, preprint No. 53. 

12 General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y 

18 Adjunct Professor, Polytechnic Institute of Brooklyn, Brooklyn, 
N. Y Mem. A.S.M.E. 

‘4° De Praktischen Beziehungen der Kinematik zur Geometrie und 
Mechanik,’’ Lehrbuch der Kinematik, vol. 2, Braunschweig, 1900, 
pp. 685-689 
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to obtain tooth marks of small pitch, the circumferential velocity 
of the cutter must be high, and the speed of the workpiece low. 
Conversely, if the pitch of the tooth marks is to be great so that 
the work appears smooth, the speed of the cutter must be low 
and the speed at which the workpiece is fed to the cutter high. 

The author’s investigation can be divided into two sections, 
a practical or experimental one, and a mathematical one. The 
author has called the latter “Kinematics of Milling.”” This section 
forms the greater part of the investigation although the experi- 
mental section appears to be the more important one as it gives, 
for the first time, proof of what actually happens when a chip is 
removed. Indeed, Figs. 3, 23, and particularly Fig. 25 show 
what occurs in the formation of a chip, and how little the basic 
structure of the material is disturbed thereby. The various 
photomicrographs given by the author amplify and round out 
the picture of what takes place in milling various metals and what 
the quality of the surface is that may be obtained. Of value are 
also the diagrams Figs. 10, 11, 12, 13, 27, 28, 32, 33, 36, 37, 40, and 
41, which, as the author has stated privately to the writer, were 
obtained from actual tests, although the test values are marked 
only in Figs. 12 and 13. Fig. 6 is of interest in so far as it con- 
firms the statement by Reuleaux that the revolution marks are 
far more pronounced than are the tooth marks. 

Regarding the kinematic analysis, the author, apparently, has 
gone the long and thorny path of analytical geometry combined 
with differential calculus, instead of making use of the modern 
methods of graphical kinematics. Thus, in Appendix 1 for 
example, there is no need for differentiation to find tan ¢, because 
this function can be read off directly from the geometrical figure. 
The radius of curvature of the tooth path (Equation 6) was also 
obtained by differential quotients, as stated by the author to the 
writer in the private communication mentioned. This also is 
unnecessary as, by the modern kinematic methods, the formula 
can easily be obtained by similar triangles, making use of the 
velocities of the tooth generating the trochoid and of the instan- 
taneous center. Most of the other formulas can be read off 
directly from the respective figures. Yet, the results obtained 
by the author are correct; only, with respect to Equation 5, 
it should be mentioned that an approximation has been made 
and a certain term neglected which, however, is permissible due 
to the small magnitude of the quantities involved. 

As the author has chosen for the title of his paper “An Analysis 
of the Milling Process,” one would have expected that he would 
have discussed the entire subject. In fact, he has discussed only 
one half of it, having confined himself to up-milling. Down- 
milling is just as important, however, and according to Reuleaux 
and the Loewe experiments cited is even preferable. Yet, this 
does not actually seem to be the case, and it would be very 
interesting to see both the mathematical analysis and its ex- 
perimental verification for the case of down-milling. 

In down-milling the rolling centrode (or polode) rolls upon a 
straight line near the surface of the workpiece instead of, as in 
up-milling, on a straight line beyond the center of the milling 
cutter, reckoned from the surface of the workpiece. Conse- 
quently, the curvature of the tooth path is far greater, that is, the 
radii of curvature are very much smaller, than in up-milling. 
This has an effect on the clearance angle of the teeth, the tooth 
having to be much sharper. When the cutter has straight in- 
stead of helical teeth, it hits the surface of the workpiece at a 
spot of solid material, hence with an impact, and thus sets up 
vibrations and chattering; while, in up-milling, the cutter starts 
its cut at the thinnest part of the chip and not at the thickest 
part, thus gradually increasing the energy given off to form the 
chip. If the cutter has helical teeth, there is an impact only at 
the instant when the front part of the tooth starts cutting, but 
this impact is greatly reduced if the previous tooth or teeth are 
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still cutting. The distortion of the material forming the chip 
may, however, be greater than in up-milling, and it would be 
highly interesting to see the experimental evidence, which the 
author perhaps is able to supply. As the cutting edges of the 
teeth have to be much thinner, the life of the cutter seems to 
be greatly reduced, but here too the author can probably give 
actual figures which should be of interest. 

One would also like to see the actual evidence for the smooth- 
ness, or rather roughness, of the surface due to the tooth marks 
so as to be able to compare the surface finish with that in the 
ease of up-milling. Of interest would also be the formation of 
the “built-up edge” in down-milling, which should have an 
important bearing on the actual surface finish. Of importance 
would, further, be diagrams of the power consumption per cubic 
inch of metal removed, for various metals, such as the author 
has given for up-milling. Perhaps, the author might clarify 
all these points and, thereby, contribute a further valuable piece 
of information to the very useful facts he has already given in 
the present paper. It should be stated once more that the 
profession owes him a debt of gratitude for the very careful 
investigation he has made of the milling process. 


CLOSURE 


The author appreciates the comments and the criticisms of 
Professor de Jonge who has read the paper and checked the 
derivation of the various equations. He notes the absence of 
any reference to the down-milling method, although from the 
title of the paper one would expect a complete analysis of the two 
methods of milling (“up-milling’” and ‘‘down-milling’”’). The 
paper would have been more appropriately titled: “An Analysis 
of the Milling Process: Part I—Up-Milling,” since the author 
has actually made a parallel analysis of the two methods and 
has on hand the information mentioned by Professor de Jonge. It 
is the author’s hope that this material, together with an analysis of 
the mechanism required to permit down-milling operations, may 
be presented in the near future in a second paper. 

Space limitation prevented the publication of this material in 
its entirety in the initial paper, and the same reason prevents the 
author from elaborating on this subject at this time. 

The author finds that the analytical method used, supple- 
mented with actual tests, is conducive to a better understanding 
of the characteristic differences between the two methods of 
milling, and also makes it possible to visualize, from a practical 
viewpoint, the advantages and disadvantages inherent in both 
methods. 

Professor Boston takes exception to the author’s suggestion 
that the average thickness of the undeformed cross section of the 
chip may be used for establishing the relationship between the 
conditions of the cut and the corresponding power required, on 
the basis that the results he has obtained with the A.T.C. formula 
derived by Parsons® gave rise to some apparent inconsistencies. 

Quoting Professor Boston:!® “It is obviously inaccurate to 
use the A.T.C, as the variable in a general milling formula... .. 
This is unfortunate, because the average thickness of the chip 
seems to be a logical basis for determining cutting qualities.” 

In his investigation, Professor Boston has used the so-called 
pendulum-type milling machine, also known as “chip tester.” 
This machine was developed and used by Professor Airey and 
C. J. Oxford, and was described!* by them some years ago. 

In the chip tester, one fundamental element of milling is 
eliminated, i.e., the feed of the work. Consequently, in opera- 
tion, a circular tooth path is obtained instead of the true path 
which, as shown by the author, is trochoidal. It follows then that 
with the chip tester there is no geometric difference between up- 


* “On the Art of Milling,” by John Airey and C. J. Oxford, Trans. 
A.S.M.E., vol. 43, 1921, p. 549. 
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and down-milling except for the point where the tooth contact 
with the work begins. For given cutting conditions, the average 
thickness of the chip is identical in the two cases, and the energy 
involved in forming the chip should also be the same. 

The values of hp per cu in. per min, given by Professor Boston 
in Table 2 of his discussion, for the two methods of milling, indi- 
cate that in some cases there is a difference in favor of down-mill- 
ing; in other cases, there is no difference; and, in yet other cases, 
the values for down-milling are higher than those for up-milling. 
Since these differences are small, one is inclined to believe that, 
because of the limitations of his experimental apparatus and, 
furthermore, to the difficulty in setting the work accurately for 
the required feed per tooth, the variations found by Professor 
Boston are due to experimental errors rather than to actual differ- 
ences resulting from the two methods of formation of the chip. 

It is to be noted also that, with Professor Boston’s chip tester, 
the rake and clearance angles are constant throughout the tooth 
path, while in actual milling they vary continuously from the be- 
ginning to the end of the chip, as shown by the author. 

For the conditions investigated by Professor Boston, the in- 
stantaneous radial thickness of the chip can be exactly calcu- 
lated by means of Equation [17] of the paper. This was derived 
for the case in which the tooth path is circular. For the purpose 
of this discussion, the simplified form, Equation [19], of this 
equation is used 


where 
t = instantaneous thickness of undeformed section of chip, 
in. 
F, = feed per tooth, in. 
a = angle through which radius vector has rotated from 


beginning to end of tooth path 


The angle a can be evaluated in terms of the elements of the 
cut from the equation for Y in the system of Equations [2] of the 
paper. When this is done Equation [28] of this closure, as- 
sumes the form given by Parsons for the maximum radial thick- 
ness of the chip 


where 
f = feed per tooth, in. 
d = depth of cut, in. 
D = diameter of cutter, in. 


From this formula Parsons derived the following expression 
for the so-called “average chip thickness’ by dividing by 2 his 
expression of the maximum chip thickness _ 


AT.C. =f (1 5) 


This is identical with the expression 


Fame 
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But this obviously corresponds not to the average, but only to 
one half of the maximum thickness of the chip. 

The true average value, however, can be determined from 
Equation [28] as follows: In general if f(z) is a real function of 
x, the average value fave of f(x) with respect to x over a given 
interval a S zx bis defined to be 


b 
fave f (x)dx 
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In our case 
t = f(a) = F, sina 


and the limits are 0 = a S a; therefore 


1 a 
tavg = — F, [29] 


and carrying out the integration 


lave {1 — COs a | [30] 
a 
or 
sin?(a,/2) 
[31] 


The difference between the values of tavg obtained with the 
Parsons formula and the more nearly correct Equation [31] of 
this closure is graphically illustrated in Fig. 45, herewith. 

Therefore, it is evident that Professor Boston made a serious 
mistake in trusting the correctness of the Parsons formula, and in 
concluding therefrom that the average chip thickness is not a good 
basis for judging cutting qualities. 

It is also interesting to note that, by substituting in Equation 
[31] for cos a, the expression (R — d)/R, this equation becomes 
identical with Equation [15] of the paper, derived by the author 
from a direct consideration of the volume of the chip, when L is 
made equal to the length of the arc of a circle corresponding to 
the simplified tooth path. 

Obviously, for an exact determination of A.T.C., the true 
trochoidal tooth path must be used as given in Equation [13] of 
the paper. 

Furthermore, it is important to consider that, in milling prac- 
tice, a variety of combinations of feeds, depths of cut, and speeds 
are found. Consequently, an approximated formula cannot be 
used indiscriminately. From Fig. 45 of this closure, it is evident 
that the Parsons formula will be found satisfactory only for values 
of a up to 30 deg. 

From this it can be concluded that, in using Parsons’ formula 
in the range of depth from 0.01 to 1 in., inconsistencies such as 
mentioned by Professor Boston will result, and a revision of his 
conclusions is therefore in order. Professor Boston is still of 
the opinion that a milling-cutter tooth rubs over the surface of the 
work at the point of contact until the cutting edge digs into the 
work. His reference to this action indicates that he has not read 
the part of the paper in which the author has dwelt at length on 
the fallacy of this opinion. The author has produced experimen- 
tal evidence which proves that the cutting edge of a milling- 
cutter tooth begins to form a chip immediately upon contacting 
the work. 

Professor Boston mentions the works of Salomon‘ and Sawin® 
in connection with the discussion of this paper. 

Professor Salomon, without even analyzing the path of a mill- 
ing-cutter tooth assumes ipso facto that the path is an arc of a 
circle, and then proceeds by a complicated mathematical pro- 
cedure to show that the thickness of the undeformed section of 
the chip, corresponding to a point of the path located at a/2 is the 
true criterion for determining the power required in milling; 
the angle a being that subtended by the circular arc of the com- 
plete tooth path. 

His formula for this thickness of the chip is 
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Fic. 45 Comparison oF VARIOUS FORMULAS FOR DETERMINING 
AVERAGE THICKNESS OF UNDEFORMED SECTION OF CHIP 


t = F, sin 


Fig. 45 of this closure shows the variation between the Salomon 
formula and that derived by the author for the average value 
of the thickness of the chip for the case (not true in practice) of a 
circular tooth path. 

Mr. Sawin accepts the approximation often made by various 
investigators that the path described by a tooth can be simu- 
lated by an arc of a circle, and then proceeds to produce a number 
of formulas for calculating the dimensions of a milling cutter. 

The author wishes to state that a better understanding of the 
physical facts involved in any machining process may be obtained 
by considering (a) the principle on which the process is based, 
to determine the interdependence of the various elements by 
analytical methods, regardless of the magnitude of the single ele- 
ments involved; and (b) to make the necessary approximation in 
certain cases if found admissible within the limits of practical 
application. Evidently this procedure was not followed by Pro- 
fessor Boston. 

The author appreciates Mr. Schurig’s interpretation of the 
studies which formed the object of his paper. In the majority 
of observations made by the author, covering a number of years, 
he has found that the built-up edge (formed during the passage 
of a tooth through the work) remains strongly attached to the 
chip (it is actually a part of it, Fig. 3 of the paper), and usually 
passes off with it. The entire built-up edge, therefore, will not be 
found on the edge of the tooth at the completion of its engagement 
with the work. There may be small particles of it adhering to 
the face of the tooth, but these particles will usually be displaced 
by the oncoming new chip, and thereby a clean edge will result. 

In those cases, particularly when dry-cutting, in which a 
strong bond between the face of the tooth and the material of the 
chip develops, the completely formed chip with the built-up edge 
may be carried around by the tooth and fall on the finished sur- 
face where it might be caught by the next tooth approaching the 
work. This will result in blemishes on the finished surface, as 
shown in Fig. 19 of the paper (A, B, and C). 

An effective cutting fluid will invariably improve the condi- 
tions mentioned. 
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Calibration of Displacement Meters on 
V olatile-Liquid-Petroleum Fractions 


By E. W. JACOBSON,' PITTSBURGH, PA. 


The author describes a prover design for use in calibrat- 
ing displacement meters on volatile-liquid petroleum frac- 
tions such as gasoline which will eliminate errors caused 
by evaporation, change in temperature, and entrainment of 
gases in the test liquid. Details are also given of a sim- 
plified commercial type of prover. This type of prover 
has been successfully used on an extensive meter-testing 
program at the Gulf Research Laboratory as a part of 
the 25-year program of the A.S.M.E. Fluid Meters Com- 
mittee. 


QUIPMENT for calibration of displacement meters on 

volatile-liquid-petroleum fractions, such as gasoline, should 

be such that calibration errors, caused by evaporation of 
the liquid, change in temperature, and entrainment of gases, 
are eliminated. Meters for measuring gasoline should be cali- 
brated on gasoline. Accurate calibration of a meter on a petro- 
leum fraction other than gasoline does not insure that measure- 
meat on gasoline will be satisfactory; in fact, the contrary can 
be expected, as the viscosity of the liquid measured has a pro- 
nounced effect upon the calibration. The same meter will usu- 
ally show less variation on the higher-viscosity fractions but will 
require alteration of adjustment to bring the average error nearer 
zero. If a meter is to be used on liquids of different viscosities, 
a separate calibration for each liquid should be made, since a 
single factor cannot be applied to all the liquids, to different 
makes of meters, or even to different meters of the same make. 

The need for elimination of the errors due to evaporation of 
the test liquid needs little explanation. The possibility of siz- 
able error in calibration, when evaporation is allowed to take 
place, is easily demonstrated by pouring gasoline from one meas- 
ure to another, when a loss of at least 3 to 5 cu in. in 5 gal will 
be noted. Since 1.15 cu in. in 5 gal is an error of 0.1 per cent, 
this simple operatio:. involves an error in measurement from 
evaporation alone of 0.2 to 0.4 per cent. This is a material error 
when considered from the standpoint of the claims for accurate 
measurement often made for displacement meters. 

Errors introduced by volumetric change, due to change in tem- 
perature, can introduce considerable errors in calibration. The 
coefficient of cubical expansion for liquid hydrocarbons lies be- 
tween 0.0004 for crude oils and 0.0007 for gasoline at ordinary 
temperatures. A change in volume of 0.1 per cent is therefore 
caused by 1.4 F change in temperature of gasoline and by 2.5 F 
change in crude oil. 

Errors from gas entrainment in the test liquid will depend 
upon the conditions under which the entrainment takes place. 
Turbulent liquid flow in the presence of a gas will cause the liquid 
to absorb the gas rapidly and, after the saturation point has 
been reached, some gas will be entrained in the form of bubbles. 
If conditions of temperature and pressure change slightly, gas 
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may be thrown out of solution to make more bubbles. The 
bubbles tend to rise to the surface of the test liquid when it comes 
to rest and in some petroleum fractions cause foaming, which 
retards accurate determination of the liquid level. Considerable 
time is necessary for all the bubbles to rise and leave the surface 
of the liquid. 


Merer-Test at GuLF LABORATORY 


At the beginning of the meter test work at the Gulf Laboratory 
early in 1934, a survey of the field disclosed no known method of 
testing meters on gasoline which would remove the errors of meas- 
urement due to evaporation of the liquid, temperature change, 
gas entrainment, and foaming. Therefore, it was necessary to de- 
velop an accurate meter prover which would eliminate these 
errors as far as possible. The basic principle used in the prover 
was to confine the test liquid over another liquid immiscible 
with the test liquid, in a gastight container. By suitable design 
using this principle, it was possible to maintain the test liquid 
out of contact with gases and thus prevent evaporation, absorp- 
tion of gases by the test liquid, and foaming. A further result 
obtained by this method was a decided reduction in the rate of 
deterioration of the test liquid. Oxidation was prevented and 
deterioration due to mechanical agitation was found by test to be 
very slight. 
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Fic. 1 Scuematic DiaGRAM OF PrRovEeR USED For TESTING METERS 
(Gulf Research & Development Company; U. S. Patent No. 2,050,800.) 


The prover used for testing meters for error of measurement 
is shown in Fig. 1. Water was the immiscible liquid used to 
confine the gasoline and the burning oils on which the meters were 
tested. The prover consists essentially of a circulating pump, 
overhead tank, storage tank, and measuring tank with the neces- 
sary control valves and piping. The method of operation of the 
prover in testing a meter for error of measurement is as follows: 
Referring to Fig. 1, tank A contains a supply of water which is 
pumped through water-supply line to overhead tank C. Tank C 
discharges into tank Z which contains test liquid in the portion 
above water. The head exerted by the water at a height of 
tank C forces gasoline through pipe L, pressure tube F, meter, 
pressure tube @ into the upper bell H of the measuring tank. 
This test liquid displaces water in the measuring tank J. The 
displaced water passes through the bell J, flow-regulating valve 
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M, and quick-opening valve N, then discharges into water-stor- 
age tank A. 

Flow of the test liquid through the meter on test takes place 
only when quick-opening valve N is opened. Valve N is opened 
only long enough to allow a definite amount of test liquid to pass 
through the meter into the measuring tank. When no test 
liquid is being displaced, the water being pumped into overhead 
tank C, overflows tank C into tank D from which it is carried 
back to storage tank A. At the start of the test, the dividing 
level between water and test liquid is set at zero on sight 
gage O, by proper manipulation of valves R, S, and N. Valve T 
in the meter line is closed during this manipulation. Valve T 
is then opened after valves R, S, and N are closed. Valve M is 
adjusted to give the proper rate of flow and the meter-register 
reading is noted. The quick-opening valve N is opened and the 
water head at tank C forces the test liquid through the meter 
into the measuring tank, and the displaced water from the meas- 
uring tank discharges into storage tank A. During this pro- 
cedure, the dividing level in the measuring tank is lowered to 
some point within lower sight gage P. If the metered volume 
of the test liquid is exactly the same as the volume of the measur- 
ing tank between the zero on gage O and the zero on gage P, 
the dividing level will be at zero on gage P. If the two volumes 
are not the same, the reading on gage P at the dividing level 
will be the error of measuremeut of the meter. After a test run, 
the test liquid which has been passed through the measuring 
tank during the run is returned to the storage tank through the 
test-liquid return line by closing valve 7 and pump throttle 
valve V, and opening valves R and S. This forces the test 
liquid by means of water under pressure from pump K, into tank 
E, which in turn displaces water up through tank C into tank D 
and back into storage tank A. 

Air entrainment is prevented by inserting the end of pipe L 
into tank E so that any air which may get into tank E£ will col- 
lect in the top of the tank where it can be removed through the 
vent pipe. The curved heads of the measuring-tank bells carry 
any entrained air up through the liquid in the tank into the 
visigage on top where it is readily observable to the operator. 
Some air will be present in the visigage during the first runs after 
the insertion of a meter for test, until the meter has been worked 
free of air. This action ordinarily takes two or three test runs, 
after which, succeeding runs will show the system to be free of air. 
Air in the visigage is bled off through the vent line. Pressure 
drop through the meter is determined by the use of manometers 
connected across standard pressure tubes F and G, which contain 
piezometer rings and pitot tubes. 

A constant operating head on the system is maintained by the 
overhead spill tank C. The total available head for operating 
the system is determined by the height of the upper edge of 
tank C above the level in storage tank A. The bleeders on the 
sides of sight gages P and O are ior the purpose of removing any 
bubbles, dirt, or contamination which may collect in the dividing 
level between the water and the test liquid in the measuring 
tank, which may cause difficulty in gaging the level. The aux- 
iliary sight gage shown on one side of the measuring tank aids in 
determining the location of the measuring dividing level. 


CoMMERCIAL-TYPE PROVER OF SIMPLIFIED DESIGN 


The apparatus just described is of the type to be used in an 
extensive meter-test program, such as carried on at the Gulf Labo- 
ratory, wherein not only the accuracy of measurement under test 
was desired, but also the variation in accuracy and pressure drop 
throughout a life test. For a commercial application of this 
type of prover, a simplified setup, such as shown in Fig. 2, is suf- 
ficient, when only the measuring characteristics of the meter 
are required, as in routine pipe-line measurement or distributing- 
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truck service. The essential elements for a commercial prover 
would require only two tanks, one the test-liquid storage tank 
and the second a measuring tank, such as combined tanks H, /, 
and J, Fig. 2. The discharge from tank J would then be piped 
through the regulating valves and circulating pump directly into 
the water side of tank HZ. Any desired pressure could be main- 
tained on the entire system by connecting an outside high-pres- 
sure water supply into tank J through a reducing valve or over- 
head float tank as shown. 

The measuring compartment of a good prover should have a 
capacity at least equal to the volume corresponding to the full 
flow of the meter in 1 min; for instance, a prover for testing 
meters with maximum flow rate of 300 gpm should have a meas- 
uring-compartment capacity of at least 300 gal. Careful cali- 
bration of the measuring compartment is of the utmost impor- 
tance. 

It should be pointed out that the most commonly used primary 
standard of measurement, the ordinary 5-gal sealer’s measure, 
isdifficult to set closer than 1 cu in. in 5 gal, and even the most 
accurate measure cannot be depended upon to be more accurate 
than the nearest 0.5 cu in. This was confirmed by considerable 
test work at the Gulf Research Laboratory, using both the 
weighing method with distilled water at constant temperature 
and a precision balance, and the beaker method. Great care 
should be taken in handling a measuring can after it has once 
been accurately calibrated. The best means of avoiding possible 
damage to the measuring can is to keep it in a case lined with 
soft material so that it cannot be dented or otherwise damaged 
when not in use. Where a great deal of calibration work is 
being done, it would be an excellent practice to have at least two 
measuring cans, one to be kept in storage. A frequent check 
should be made against the one in use to insure that it continues 
to retain its original accuracy. 

Several trial fillings of the prover measuring tank, using ac- 
curately calibrated measuring cans, should be made to give an 
average reading for the correct setting. Besides the error in the 
measuring cans, additional error may be involved in such check- 
ing operations by failure to observe due care in maintaining wet- 
ted surfaces in the 5-gal measures and prover. There will be 
some slight further variation due to the different wetting qualities 
of the test liquid and the liquid to be used in the prover. Even 
with the utmost care in calibration of a prover measuring tank, 
differences between provers of at least 0.1 per cent may be ex- 
pected. 

The type of prover described has been used with good suc- 
cess on burning oils as well as gasoline. It should be satisfac- 


= 
ie 
{WATER OPENING VALVES 

M 
ay 

> 

» 

: ie 

A 

~ 


JACOBSON—CALIBRATION OF DISPLACEMENT METERS ON VOLATILE-LIQUID-PETROLEUM FRACTIONS 703 


tory for use in calibrating meters on propane and butane where 
the test liquid must be maintained under pressure. The curves, 
in Figs. 3 and 4, are representative of the data obtained on the 
Gulf Laboratory prover. Repeat tests with this prover at a 
particular rate of flow gave good repetition of data, demonstrat- 
ing the suitability of the prover for the service. 


FUNDAMENTAL CHARACTERISTICS OF DISPLACEMENT METERS 


Use of a prover, such as just described, for calibrating dis- 
placement meters on volatile-liquid-petroleum fractions may 
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reveal some surprising measuring characteristics. Before dis- 
cussion of these characteristics, some fundamentals of displace- 
ment meters should be pointed out. A displacement meter is a 
fluid motor which must generate enough power to overcome the 
friction of its moving parts as well as drive the registering mecha- 
nism. In order to derive power from the fluid stream passing 
through the meter, there must be a pressure drop through the 
meter. It is, therefore, evident that, with a difference of pres- 
sure and with working clearances in the metering element, there 
must be some slip, namely, excess of fluid passed through the 
meter over and above the amount actually displaced in the 
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metering element. A plot of the displacement data for a typi- 
cal metering element is shown in Fig. 5, wherein the quantity is 
plotted against rate of flow. The amount of slip depends upon 
the viscosity, load on the metering element, and various factors 
inherent in the design of the metering element, the same as in a 
fluid motor. Since the slip depends upon these factors, varia- 
tion of any one or all of them will alter the location of the proof 
line by an amount depending upon the particular characteristics 
of the meter. The slip determines the position of the proof line 
above the displacement line. The position of the line of zero 
error, as indicated by the register, is determined by alteration 
of the displacement or by changing the gear ratio of the register 
drive so that the line of zero error will cross the proof line to 
give the minimum average difference between the zero-error 
value and the proof-line values. The line of zero error, since 
it is set by mechanical means, remains fixed with reference to the 
displacement line. The proof line changes shape and position, 
depending upon the viscosity of the liquid, wear in the mecha- 
nism, and change in the register and friction load. 


METER PERFORMANCE 


The most important characteristic of meter performance is the 
effect of viscosity on the shape and position of the proof line. 
As pointed out in a previous paper? by the author, film-sealed- 


2‘Some Fundamental Considerations in the Design and Appli- 
cation of Displacement Meters,’”’ by E. W. Jacobson, A.S.M.E. 
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type meters are in general affected much more by change in 
viscosity than pack-sealed-type meters. Fig. 4 shows error 
data for a film-sealed-type meter which was greatly affected by 
viscosity of the liquid. This meter gave satisfactory measure- 
ment as calibrated on a burning oil of 2 centipoises viscosity. 
However, its calibration on lighter petroleum fractions showed 
very unsatisfactory measuring characteristics. Fig. 6 shows 
data for two pack-sealed meters of identical size and construc- 
tion. Meter A showed wide variation between burning oil (1.58 
centipoises) and gasoline (0.53 centipoises). Meter B shows the 
same difference, except that it had large error in deficiency at 
flow rates below 20 per cent of rated capacity. This difference at 
the low rate of flow was likely chargeable to faulty valve setting. 
These data show extreme cases of faulty measurement and are 
not to be construed as being representative, however, they do 
illustrate some of the reasons for failure of meters to check one 
another. Proper testing of each meter would disclose unsatis- 


NOVEMBER, 1941 


factory characteristics and would permit their correction. 

In conclusion, a prover design, such as described in this paper, 
is available for use in calibrating displacement meters on vola- 
tile, low-viscosity petroleum fractions which will eliminate cali- 
bration errors caused by evaporation of the liquid, change in 
temperature, and entrainment of gases in the test liquid. This 
type prover has been successfully used on an extensive meter- 
testing program and has demonstrated the need for testing 
each meter on the liquid on which it is to be operated. 


ACKNOWLEDGMENT 


The writer is indebted to Mr. R. J. S. Pigott, chairman of the 
Fluid Meters Committee, for suggesting the material for this 
paper. The apparatus described was used in the fluid-meter 
tests made at the Gulf Research Laboratory, Pittsburgh, Pa., 
as a part of the 25-year program of the A.S.M.E. Fluid Meters 
Committee. 


4] 


| 
£ 
‘Es 
‘ 
| 
ite 
| 
he 
‘ 
i 
4 
q 
- 
: 
3 
“4 
< 
‘ide 
een 
Fe 
1 


Treatment of Make-Up Water for the 
Waterside Topping Installation 


By C. B. ARNOLD,! R. T. HANLON,? anv J. MINDHEIM,* NEW YORK, N. Y. 


This paper deals with boiler-feedwater treatment for the 
1400-psi topping installation at the Waterside Station of 
the Consolidated Edison Company of New York, Inc. 
On the basis of thermal economy, degasification, treating 
costs, and installation convenience, a cold-water carbon- 
aceous-zeolite treating system was deemed preferable. 
The application of the Zeo-Karb system selected, its 
operation, and results obtained constitute the principal 
features of the paper. 


HE economy of large-scale district heating with exhaust 

steam from high-pressure turbines has long been appre- 

ciated, but lack of experience in the use of raw make-up 
water for high-pressure units discouraged earlier consideration 
of such installations without evaporators. However, when the 
first 1400-psi topping units were installed at Waterside Station, 
it was felt that the progress in water softening and boiler-feed- 
water treatment had advanced sufficiently to justify considera- 
tion of this scheme with greater assurance as to its ultimate suc- 
cess. Evaporators were also considered but the penalty for the 
pressure degradation incident to their use, combined with the 
need for treatment of the water for the evaporators, rendered 
them unattractive. 

Of the two waters supplied to New York City, Catskill water 
would have been more desirable, due to its lower hardness and 
silica content, but unfortunately, only the Croton supply could 
be made available to the station. Although this water is com- 
paratively pure, it could not be used unsoftened in the high-pres- 
sure plant, since its bicarbonate hardness content would cause 
the ultimate formation of scale in stage heaters, piping and econo- 
mizers, and the problems within the boiler would be aggravated. 

Various treating schemes were considered, and the experience 
and results from many plants were studied in connection with the 
problem, but the high initial purity of the water limited treating 
considerations to the few systems suited to the hardness char- 
acteristics of Croton water. On the basis of thermal economy, 
degasification, treating costs and installation convenience, a 
cold-water carbonaceous-zeolite treating system was deemed 
preferable. There being no return condensate from the steam 
used for district heating, the water-softening capacity had to 
equal or exceed the quantity of steam so used. 

The treating plant permits increasing the output of the high- 
pressure units by the disposal of a large quantity of 200-lb ex- 
haust steam. During light-load periods, the load which would 
otherwise be carried on less efficient condensing units is trans- 
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ferred to the more efficient high-pressure units. With a heat 
consumption below 5000 Btu per kwhr on these units, the ad- 
vantage of increasing their capacity factor and output is obvious. 

The present electrical and steam-generating equipment in- 
stalled at Waterside No. 2 Station consists of two high-pressure 
topping turbines and four 1400-psi boilers, capable of generating 
a total of 2,000,000 lb of steam per hr which have been arranged 
to top the existing 200-psi steam system common to both Water- 
side Stations No. 1 and No. 2. Two more high-pressure tur- 
bines and four more high-pressure boilers, capable of handling 
2,460,000 lb of steam per hr are now being installed as additional 
topping capacity. 

The 200-psi steam system for the two interconnected stations 
is arranged for the dual purpose of conducting steam to the low- 
pressure condensing turbines in both stations and supplying 
steam to the New York Steam Corporation’s heating mains 
through a total of twelve desuperheaters having a capacity of 
about 1,250,000 lb of steam per hr. Although all low-pressure 
boilers in Waterside Station No. 2 have been removed to make 
way for the high-pressure boilers, the 200-lb steam system is still 
capable of being fed by steam generated in the old low-pressure 
boilers in Waterside Station No. 1, which have an available 
capacity of 1,836,000 lb of steam per hr. 

For a time after the first two topping units were installed, it 
was deemed advisable that only condensate from the low-pres- 
sure turbines and auxiliaries be used as feedwater for the high- 
pressure boilers. This required that all make-up water for the 
two stations be taken into the low-pressure boilers where it was 
evaporated and fed to the 200-lb steam system. Although this 
arrangement provided the high-pressure boilers with ideal feed- 
water, it was most uneconomical since every pound of steam de- 
livered to the heating mains had to be made up by the generation 
and condensation of a pound of steam in the low-pressure system. 
In other words, this was the same as though the low-pressure 
boilers were alone feeding the heating mains. The problem, 
therefore, was to provide a water-treating system by which satis- 
factory make-up water could be fed into the high-pressure boilers 
without the necessity of operating the low-pressure boilers, ex- 
cept during emergencies or at times of high load demands. 

The requisites of the system were considered to be briefly as 
follows: 

1 Practically complete removal of calcium and magnesium 
scale-forming salts from the make-up water. 

2 A minimum of total solids in the treated water so that the 
blowdown from the boilers would be as little as possible. 

3 A minimum of physical size of the treating system because 
of the very limited available space in the station. 

4 A capacity of 1,200,000 lb per hr of which 600,000 lb per hr 
should be the initial installation. This ultimate capacity would 
provide the make-up for a continuous delivery of 1,000,000 lb of 
heating steam per hr and 200,000 lb of blowdown per hr. 

In considering the type of equipment to be installed, the Per- 
mutit Zeo-Karb system appeared to best meet these requisites. 
It also compared favorably with other equipment, considered 
from the standpoint of installation and evaluated operating costs. 
In consequence, the Permutit system was purchased and in- 
stalled. It was placed in operation during September, 1939, and 
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Fig. 1 Water Circuits, ZEo-KarB SysteEM; WATERSIDE STATION No. 2 


is the first installation of the Zeo-Karb system for pretreating the 
make-up for boilers operating at pressures of this range. To date, 
it is the largest combination of the hydrogen and sodium Zeo- 
Karb arrangement ever built. 

As the word implies, ‘‘Zeo-Karb”’ is a synthetic, carbonaceous 
zeolite material. Differing from the natural green sand com- 
monly used as an exchange material, Zeo-Karb is manufactured 
from coal. The finished product consists of small porous par- 
ticles of carbonaceous material slightly coarser than granulated 
sugar. Examination reveals that the Zeo-Karb is practically 
free of all ash and hydrocarbons, the removal of which by treat- 
ment with sulphuric acid accounts for its porous structure. The 
advantage of Zeo-Karb over green-sand zeolite, aside from its 
being nonsiliceous, is that it is not attacked or greatly affected 
by weak acids. This feature permits it to be used as so-called 
hydrogen Zeo-Karb and sodium Zeo-Karb, here referred to as 
HZ and NaZ, respectively. In the sodium units, the hardness 
is removed and the effluent water is alkaline. In the hydrogen 
units, the hardness is also removed but the effluent water is 
slightly acid. Upon mixing, the chemical reactions of the two 
effluents release carbon dioxide, and the final character of the 
treated water is contingent upon the proportions of each. These 
processes are described in detail under “Chemical Performance.” 


Water Circuits 


Fig. 1 illustrates diagrammatically the course of the make-up 
water from the raw city-water supply to the boilers. Starting 
at the supply point, the water may be fed directly or pumped into 
the treatment system, depending upon the pressure drop to be 
overcome. It first passes through the main inlet valve which is 
automatically opened wide or closed tightly as required by the 
demand for make-up. The stream then splits through two auto- 
matically controlled proportioning valves which regulate the 
quantities of water delivered to the hydrogen and sodium units. 
Following the treating units, the two streams again merge and 
pass through the degasifier where the major portion of the carbon 
dioxide is removed. From the degasifier, the water drains by 
gravity into the treated-water storage tank, wherein the water 
level is automatically controlled in accordance with demand. 
All pipe lines, fittings, and valves from the hydrogen units to the 
degasifier are rubber-lined. 

As is common practice in many plants, the make-up water is 
taken from the storage tank into the low-pressure-turbine con- 
densers, where it is partially deaerated and mixed with the main 
condensate and then delivered by pumps to the condensate sys- 
tem and surge tank. The demand for make-up is satisfied by 


controlling a valve in the treated-water make-up line to the con- 
densers in accordance with changes of water level in the surge 
tank. 

In addition to the supply of condensate and treated make-up 
water in Waterside Station No. 2, as outlined, the feedwater sys- 
tem is supplied by condensate from the low-pressure units in 
Waterside Station No. 1 and may, during emergencies, be fed by 
raw city water. The level in the surge tank controls the amount 
of condensate and raw water thus fed. All the surge tank con- 
trols are arranged in the order of preference, (1) condensate from 
Waterside Station No. 1, (2) treated make-up, and (3) raw city 
water. 

Waters from these sources are caused to flow through a single 
mixing chamber on their way to the condensate booster pumps. 
This insures that all the high-pressure boilers will get the same 
proportion of condensate and treated make-up water and/or any 
raw make-up water fed during emergencies. From the conden- 
sate booster pumps, the water passes through the several deae- 
rators (one for each pair of boilers) to the main feedwater pumps 
and thence to the boilers. 


PROPORTIONING CONTROL 


As the constancy of composition of the effluent of the treating 
system depends largely upon the accuracy of the relative propor- 
tions of water treated by the sodium and hydrogen Zeo-Karb 
units, it was deemed advisable to provide the special regulating 
equipment, shown diagrammatically in Fig. 1. One air-operated 
Smoot-type regulator increases or decreases the flow of water to 
the sodium units as the water level in the treated-water storage 
tank, respectively, falls or rises. In doing so, it establishes 4 
pressure drop across a cofitrol orifice in the supply line to these 
units. Another Smoot-type regulator, loaded by the pressure 
drop across this orifice and balanced by the pressure drop across 
a similar orifice in the supply line to the hydrogen units, controls 
the flow of water to the hydrogen units in proportion to that de- 
livered to the sodium units. A ratio adjustment on the propor- 
tioning regulator affords a means of varying the proportions 48 
required to obtain the proper mixture of the effluents from the 
two groups of units. The continuously recorded pH value of 
the mixed effluents is used as a guide in setting the proper propor- 
tion. The sizes of the units were selected so that the effluent of 
the hydrogen units could be varied from 50 to 62 per cent and 
from the sodium units from 38 to 50 per cent. 

The proportioning regulator also serves as a reliable means of 
preventing any flow of water through the hydrogen units with- 
out @ corresponding flow through the sodium units. This fea- 
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ture is very desirable since any unneutralized effluent from the 
hydrogen units would be extremely corrosive. 

The orifice-differential measurements for the proportioning 
controls become inaccurate when the total flow is reduced to less 
than 25 per cent of capacity. Means were provided, therefore, 
to shut off the system when the make-up demand is of this order. 
This was accomplished by the operation of a float switch in the 
treated-water storage tank which closes the hydraulically oper- 
ated main inlet valve through the medium of an electrically 
operated pilot when the water level rises to a point corresponding 
to 25 per cent of capacity. After the water level has again 
dropped to some predetermined point, the float switch will again 
open the main inlet valve; thus for demands less than 25 per cent 
of capacity, operation of the treating system is intermittent. 


Zro-Kars UNItTs 


With the arrangement of three sodium and three hydrogen 
units (ultimate plant), as shown in Fig. 1, all or any combina- 
tions of pairs of units may be used for treating. Since each pair 
of units was designed to handle 600,000 lb of water per hr, it will 
be seen that the system will handle 1,200,000 lb per hr during 
the regeneration process on any one pair, and could handle up 
to 1,800,000 lb per hr in emergencies, provided the line capacities 
wound permit. 

The main theme of the designs of the sodium and hydrogen 
units is to provide adequate means for distributing the water 
evenly through the Zeo-Karb beds so that all exchange material 
is worked uniformly. This is accomplished by a conventional 
multiport inlet spray manifold and outlet drain system. The 
regenerating brine and acid are likewise evenly distributed. over 
the Zeo-Karb beds by separate regeneration spray manifolds. 

Consideration had to be given to the choice of materials for 
the sodium and hydrogen units which handle, respectively, alka- 
line and acid water. For the sodium units, the shells are made 
of steel with a bitumastic lining. The underdrain system for 
the sodium units is laid in concrete. For the hydrogen units, 
the steel shells and the underdrain systems are rubber-lined. 

In addition to softening the water, the Zeo-Karb beds also 
filter it and, while this is advantageous, it eventually increases 
the pressure drop through the units and hampers the softening 
process. It is necessary, therefore, that the beds be backwashed 
from time to time by flowing water through them in the reverse 
direction to the backwash sumps. Float-operated backwash 
rate-of-flow controllers automatically regulate the backwash 
flow so that the velocity of water up through the units will be 
sufficient to dispel the foreign matter without carry-over of the 
Zeo-Karb material. 


REGENERATION 


The equipment for regeneration of the sodium units consists 
of a galvanized-iron brine-measuring tank and two water ejectors 
(one a spare). To regenerate a unit, it is necessary only to shut 
off the valves for the softening process, open a drain valve to 
the backwash sump, and inject the required amount of brine 
through the unit. Following regeneration, the unit has to be 
rinsed by passing water through the unit to waste at the rate of 
about 1.5 gpm per sq ft of bed area. When analysis of the rinse 
water leaving a unit shows it to be free from calcium and mag- 
nesium salts, the softening process may be resumed. 

Brine for regenerating the sodium units is prepared by the 
Storage of rock salt under water in two 20-ton brine-storage tanks 
which are adequate for bulk delivery. To transport the brine 
from the storage tanks to the measuring tank, two 40 gpm cen- 
trifugal pumps were provided. Each tank is provided with a 
gravel filter bed about 1 ft deep, over which the salt is stored. 
Level-operated make-up valves keep the tanks full of water at all 


times so that the saturated brine is always available. Three 
large charging holes are provided in the roof of each tank, spaced 
in such a manner as to permit leveling off the salt bed. 

The equipment for regenerating the hydrogen units consists 
of a totally enclosed concentrated-acid measuring tank, a lead- 
lined acid-mixing tank, and two dilute-acid ejectors (one a spare). 
The acid is delivered to the measuring tank by two LaBour self- 
priming centrifugal pumps. After the required amount of con- 
centrated acid has been pumped into the measuring tank, the 
acid is then drained into water in the mixing tank and diluted to 
a concentration of about 7 per cent. Air-jet agitators are pro- 
vided in the mixing tank to render a uniform solution. In de- 
livering the diluted acid to the hydrogen unit to be regenerated, 
the water used for injection dilutes the acid still further to about 
2 percent. Following regeneration, the unit is rinsed by flowing 
water down through the bed to waste at a rate of about 4 gpm 
per sq ft of bed area until the required free-mineral acidity is ob- 
tained. 

In order to accommodate bulk delivery of acid, two 15-ton 
acid-storage tanks were provided and installed in a sidewalk 
vault just outside the station. These tanks are made of steel 
and designed in accordance with the A.S.M.E. Unfired Pressure 
Vessel Code for 25 psi working pressure, even though they will be 
subjected only to atmospheric pressure. 


DEGASIFICATION 


A degasifier is provided to remove the carbon dioxide from the 
water, after the effluents from the sodium and hydrogen units 
have been mixed. The principle of this degasifier is based upon 
the physical phenomenon wherein the relative amounts of gases 
dissolved in water are proportional to the partial pressures of these 
gases surrounding the water. Accordingly, the degasifier is de- 
signed so that air may be blown through the carbon-dioxide- 
laden water as it is cascaded over a number of wooden slats on 
its way to the degasifier outlet. This process does not completely 
remove the carbon dioxide from the water but reduces it con- 
siderably as will be noted from the results which follow. ; 

Leaving the degasifier, the treated water is saturated with 
oxygen and contains some residual carbon dioxide, which renders 
it corrosive. By spraying the treated water into the low-pres- 
sure unit condensers, partial deaeration is effected and a small 
ameunt of heat is recovered. 


CHEMICAL TREATMENT 


Although the Permutit system for pretreating the make-up 
water removes most of the hardness from the feedwater, the 
following additional equipment is required for maintaining the 
proper proportions of treatment chemicals in the boiler water: 

1 Caustic feed tanks and piping to feed sodium hydroxide 
into the feedwater line at the deaerator outlet. 

2 Phosphate feed tanks and pumps to feed disodium phos- 
phate directly into the boiler drums to maintain a safe excess at 
all times. This excess will treat any hardness in the water which 
may enter the system due to condenser leakage or emergency use 
of city water. 

3 A continuous blowdown system to maintain the total solids 
concentration in the boiler at a sufficiently low point to prevent 
carry-over. 


ConTINUOUS-BLOWDOWN SYSTEM AND FLAsH TANKS 


Three blowdown orifices are provided for each high-pressure 
boiler for the regulation of blowdown. The orifices are designed 
for 1, 2, and 4 per cent of maximum boiler capacity. Thus, by 
selection of various combinations of these orifices, amounts of 
blowdown in steps of from 1 to 7 per cent, inclusive, may be ac- 
commodated. 
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From these orifices, the blowdown may be discharged to waste 
or delivered to a blowdown flash system furnished by The Bab- 
cock & Wilcox Company, as shown in Fig. 2. The system con- 
sists of a high-pressure tank which flashes saturated steam to the 
200-lb steam mains and a low-pressure tank which flashes to 
the exhaust header. These tanks are arranged in series so that 
the drains from the high-pressure tank flash to the low-pressure 
tank and thence to waste. Bailey automatic level-control drainer 
valves are provided in the drain lines from each tank. The flash 
system is designed to handle 350,000 lb per hr of blowdown from 
the high-pressure boilers, of which 27 per cent is flashed in the 
high-pressure tank and 13 per cent in the low-pressure tank. 


CHEMICAL PERFORMANCE 


The purpose of this installation, to provide make-up water for 
the 1400-psi boilers which is practically free of scale-forming 
compounds, has been adequately accomplished. During the 
process, the pH value of the treated water is maintained at a 
sufficiently low value before degasification to insure removal of 
carbon dioxide by aeration and at a sufficiently high value after 
degasification to preclude the possibility of corrosion of feed lines, 
valves, and other exposed metal surfaces. As the make-up water 
is sprayed into the condensers, the concentrations of carbon di- 
oxide and oxygen are further reduced to a sufficiently low value 
which insures their complete removal by deaerating heaters. 

These processes are described as follows: 

When raw water, containing calcium and magnesium bicar- 
bonate, calcium and magnesium sulphate and various other 
compounds of calcium and magnesium, is passed through prop- 
erly regenerated sodium and hydrogen Zeo-Karb units the follow- 
ing chemical reactions will occur: 


Ca(HCOs): + NaZ — > CaZ + 2NaHCOs; 
Calcium + Sodium Reacts calcium + Sodium 
bicarbonate, Zeo-Karb to Zeo-Karb, bicarbonate, 
a scale- form which which is a 
forming remains soluble 
compound in the compound 
treatment and remains 
unit in water 
CaSO. + HeZ —> CaZ + H:SO, 
Calcium + Hydrogen Reacts calcium + Sulphuric 
sulphate, Zeo-Karb to Zeo-Karb, acid, 
a scale- form which which is 
forming remains a soluble 
compound in compound 
treatment and remains 
unit in water 


Upon mixing the products of the foregoing reactions, the 
mixed effluent will react further as follows, providing the proper 
ratio of Na2Z to H2Z treated water is maintained: 


2Na:HCOs; + HSO« NaSO. + 2H:O + 2CO; 
odium + Sulphuric Reacts Sodium + Water + Carbon 
bicarbonate aci to sulphate dioxide 
form 
Similarly: 
CaSO, + Nad —> CaZ + 
Calcium + Sodium Reacts Calcium + Sodium 
sulphate Zeo-Karb > Zeo-Karb sulphate 
orm 
Ca(HCOs): + HZ — > CaZ + 2H:CO; 
Calcium + Hydrogen Reacts Calcium + Carbonic 
bicarbonate Zeo-Karb Zeo-Karb acid 
orm 


‘Again with balanced proportions: 


Na:SOw + 2H:CO; — > aNaSn + 2H:0 + 2CO; 
odium + Carbonic Forms Sodium + Water + Carbon 
sulphate acid sulphate dioxide 


@ NasSO, does not enter the reaction. 
oTE: In all of the foregoing equations magnesium may be substituted 
for calcium with the same result. 

For these reactions it is assumed that there is no excess of 
either effluent. In practice, however, the proportions are main- 
tained so that there is a slight excess of effluent from the sodium 
units which allows a small amount of sodium bicarbonate to pass 
through the degasifier, unneutralized by the acid effluent. 

Thus, at the point where the effluents of the hydrogen and 
sodium units are mixed, the treated water contains sodium chlo- 
ride which is not affected by the treatment, sodium sulphate 
which has been converted from calcium and magnesium sulphate, 
carbon dioxide which results from the reaction between sulphuric 
acid and sodium bicarbonate and from the breakdown of the car- 
bonic acid, and a slight excess of sodium bicarbonate. The sub- 
sequent aeration and degasification of the mixed sodium and 
hydrogen effluent results in almost complete removal of the car- 
bon dioxide. 

Table 1 is indicative of the performance of these units in the 
treatment of Croton-supply water which is normal make-up 
water for Waterside Station No. 2. 

Although, as shown in Table 1, the-degasification of the mixed 
effluent results in a reduction in CO, concentration from 30 to 2 
and a consequent decrease in total solids concentration of from 
65 ppm in the untreated water to 38 ppm in the treated water at 
the degasifier outlet, the current of air used to remove the car- 
bon dioxide saturates the water with oxygen. 

Deoxygenation of the treated water, accomplished by spraying 
it into a turbine condenser where it is exposed to a high vacuum 
and finally passing it through the deaerating feedwater heaters 
along with low-pressure condensate, removes the last traces of 
oxygen and carbon dioxide as shown in Table 2. 
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TABLE 1 CHEMICAL PERFORMANCE OF ZEO-KARB UNIT 


Mixed 
Sodium- Hydrogen-_ effluent 
Raw water, Zeo-Karb- Zeo-Karb- of 
Chemical concentration, Croton unit unit degasifier, 
expr as ppm supply effluent effluent outlet 
Total hardness, as CaCOs>... 45 0 0 0 
Calcium hardness, as CaCOs.. 30 0 0 0 


i hardness, as 
15 0 0 0 


M.O. alkalinity, as CaCOs.... 34 29 —16¢ 4 
Sodium alkalinity, as NazCOs 0 0 0 0 
Free carbon dioxide, (2 3 3 30 2 
Chloride, as NaCl.........-+. 7 7 7 7 
Sulphate, as NasSOu......... 18 18 18 18 
Silicon, BIOs... 6 6 6 6 
Total Bolid®....ccceccccccecs 65 60 31 35 
DH. 7.2 7.0 6.3 


« Ratio of hydrogen to sodium effluent 56 : 44. 
6 American Public Health Association soap test. — 
¢ Free-mineral acidity, expressed as minus alkalinity. 


TABLE 2 


Rate of flow Rate of flow 
of Permutit- of turbine 


Oxygen concentration, ppm O2 


treated water, condensate, Degasifier Hotwell -—— Deaerator——~ 
lb/hr X 1000 Ib/hr X 1000 outlet discharge Inlet Outlet 
200 300 8.5 0.3 0.3 0.005 

300 300 9.0 3 0.3 0.005 

400 300 9.0 0.5 0.7 0.006 

500 300 9.0 1.7 0.9 0.007 


It will be noted that the oxygen concentration in the deaerated 
feedwater is negligible. The carbon-dioxide concentrations at 
the hot-well discharges and the deaerator outlets are also negli- 
gible. This has been verified by the condition of the internal sur- 
faces of the economizer tubes which are practically free of cor- 
rosion. 


OPERATING EXPERIENCE 


Because of load conditions at the present time it is only neces- 
sary to operate one set of treatment tanks. A second set is main- 
tained in a regenerated condition and, when the set in operation 
is chemically exhausted as indicated by analyses of the treated 
water, which are performed by the operator, the second set is 
placed in operation. 

Experience has indicated that it is good practice to give a set 
of units, which have been held in a regenerated condition, a 
secondary rinse before being placed in operation. Chemical 
analyses of the rinse and of the treated water, immediately after 
rinse, are used as an index of rinse period. 

Under present conditions of operation, the maximum rate of 
treated-water flow has been approximately 30 per cent of total 
evaporation. The present steaming capacity of the boilers is 
approximately 2,000,000 Ib per hr. 

Seasonal changes in water composition preclude the possibility 
of maintaining a constant ratio of hydrogen-to-sodium unit 
effluent. It has, therefore, been necessary to vary the propor- 
tion of the sodium effluent from approximately 44 to 48 per cent. 
The amount of water passing through each of the units is inte- 
grated on individual meters on each treatment tank. These 
readings are used to ascertain the proportion at approximately 
3-hr intervals, Experience has shown that constant determina- 
tion of pH value is the best index of treated-water composition. 
A glass pH electrode cell and recorder have therefore been in- 
stalled to record the pH value of the treated water at the degasi- 
fier outlet. It has been found that, if the pH value of the water 
at this point is maintained between 5.5 and 6.5, satisfactory per- 
formance results, 

The operation of the treatment units under ordinary conditions 
is handled entirely by the operator on watch. This includes 
regeneration of the units, backwash, primary rinse, and necessary 
chemical analyses of the treated water. The operator checks the 
Performance of the operating unit by the integrating-water- 
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meter readings and the pH value of the water at the degasifier 
outlet to determine the proper ratio of each unit effluent. The 
following chemical analyses are considered adequate for proper 
control: 


Croton water Sodium-unit effluent Hydrogen-unit effluent 
Alkalinity to M.O. Alkalinity to M.O. Free mineral acidity 
Hardness Hardness Hardness 


These analyses are made from three to five times for each 
softening cycle. Fig. 3 illustrates the typical changes of hard- 
ness in the effluent from a sodium unit during one complete cycle 
between regenerations, and Fig. 4 illustrates the changes of free- 
mineral acidity in the effluent from a hydrogen unit during one 
of its cycles. 

The operators have been trained to make cer- 
tain interpretations of the chemical-test results. 
If any unusual condition arises which the opera- 


PR rn ne tor cannot correct, a staff chemist is immedi- 
at cota ~=—=sately consulted. If the condition arises at a time 


deg F when a chemist is unavailable, the set of tanks 


pa in operation is immediately taken out of service 
219 and the second stand-by set is cut in. The units 
which indicated unusual conditions are then re- 
generated and rinsed and the rinse water sub- 
or* 
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jected to chemical analysis. Up to the present time, any un- 
usual chemical data have been found to result from faulty re- 
generation or rinse procedure. The performance of the units is 
checked daily by a chemist to insure proper operation. 


EFFEcT OF PERMUTIT OPERATION ON INTERNAL Conpr- 
TIONS 


Since all the Permutit-treated water is fed to the high-pressure 
boilers, it is important that the concentration and proportions of 
the various salts present in the high-pressure-boiler water be 
carefully controlled. As previously stated, the internal feed- 
water treatment for the high-pressure boilers consists of sodium 
hydroxide and disodium phosphate in addition to the external 
treatment given the raw Croton water by the Permutit installa- 
tion. The sodium hydroxide is introduced at the deaerator out- 
lets in sufficient quantity to confer a pH value of approximately 
8.8 upon the feedwater which passes through economizers. The 
disodium phosphate is admitted directly to the boiler drum. 
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Because of critical circulation and carry-over conditions, it is 
necessary to maintain a total dissolved-solids concentration be- 
low 450 ppm in the boiler water. In addition, it has been found 
that high hydroxide concentration has resulted in foaming of 
boiler water which causes fouling of the turbine blading. The 
following limits have therefore been prescribed for the high-pres- 
sure-boiler water composition: 


Maximum Minimum 
ppm 
Phosphate 15 
Sodium hydroxide 20 
Sodium chloride 
Sodium sulphate 
Total dissolved solids 


In addition to the operation of the Permutit-treatment plant, 
the operator performs analyses of the high-pressure-boiler water 
at 2-hr intervals and advises the boiler operator as to hydroxide 
and phosphate feed and blowdown procedure. 

In order to remove sludge from the lower tubes and headers 
of the boiler, it has been found advisable to mass-blow water 
from the sectional header and waterwalls. This is done at ap- 
proximately 4-day intervals at a pressure of approximately 300 
psi. It has been found that this practice eliminates heavy ac- 
cumulations of sludge in the sectional-header pockets and tubes. 

After a year of operation of the Permutit-treatment installa- 
tion, during which the only water supplied to the high-pressure 
boilers was condensate from the low-pressure turbines and Per- 
mutit-treated Croton water, internal inspections of these boilers 
show a uniformly good condition. It has also been determined, 
as a result of recent inspections, that the economizers are free 
from deposits and corrosion. 


MAINTENANCE 


The maintenance of the treatment plant has been negligible 
during its first year of operation. There are no indications at 
the present time that any increased maintenance will be necessary. 


Acip AND HANDLING 


The handling of the sulphuric acid and salt has been satisfac- 
tory and no problems have arisen to date from an operating point 
of view. The treatment-plant operators have been trained by 
competent chemists in the handling of the acid and in the im- 
portance of using the protective equipment with which they are 
supplied. In addition, the acid-handling equipment for making 
up the dilute solution used for regeneration is so interlocked that 
it is practically impossible for an operator to add water to con- 
centrated sulphuric acid instead of adding acid to the water. 
Printed instructions on the operation of the plant are conspicu- 
ously posted, and caution signs are prominently displayed at 
the acid tanks and pumps. 


Discussion 


L. D. Berz‘ anp R. T. SHeen.’ This paper is an interesting 
report on the application of a relatively new method of water 
treatment, namely, the application of zeolite softening in the 
hydrogen cycle and the advantages that can be obtained by such 
softening. 

While there is no known chemical method of water condition- 
ing today that would give a lower total solids content in the 
treated water, with the possible exception of a process involving 
anion exchange, it may be interesting to compare the method 
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described with methods that were available prior to the advent 
of softening in the hydrogen cycle. Were it not for the relatively 
low total solids concentration which may be tolerated in the 
boiler water, this alternate method could possibly have been con- 
sidered; by alternate method, reference is made to a system of 
treatment with softening by a carbonaceous zeolite in the sodium 
cycle, followed by sulphuric-acid treatment and aeration. Con- 
sidering the requisites of the system as outlined by the authors, 
such a method of treatment would give a water higher in total 
solids than that available with the hydrogen zeolite but would 
involve a smaller treating plant, a desirable feature as outlined 
in the authors’ third requisite. The following items of equipment 
would be eliminated: 

1 The automatically controlled Smoot regulating-proportion- 
ing valves, with the possible danger of malfunctioning of these 
units. 

2 Therubber-lined shell and hydrogen-zeolite units. 

3  Rubber-lined piping. 

4 Sulphuric-acid-dilution system. 

5 Sulphuric-acid feed-and-injection system. 

To replace these units the following equipment would be re- 
quired: 

1 Additional capacity for softening on the sodium-exchange 
cycle with carbonaceous zeolite. 

2 Concentrated sulphuric-acid-proportioning system to water 
entering the degasifier. 

From the standpoint of handling the sulphuric acid, the neces- 
sity of diluting the acid would be eliminated. It is evident that 
the physical size of the treating plant would be somewhat smaller. 

To compare the two systems properly, an evaluation of the 
chemical performance, which could be expected, should be made. 
Refer to Table 1, appearing in the paper. In Table 3 of this 


TABLE 3 ANTICIPATED RESULTS FROM WATER-SOFTENING 
PROCESS 


Sodium-zeolite 
effluent, 
acid-treated 
and aerated 


Raw-water Sodium-zeolite 
Croton supply effluent 
Total hardness, as CaCO; 0 
Calcium hardness, as CaCOs 0 
Magnesium hardness, as CaCO; 0 
alkalinity, as 
CaCOs 


Free carbon dioxide, as CO: 
Chloride, as NaCl 7 
Sulphate, as 18 
Silica, as SiOz 
Sodium (by difference), as Na 24 
Total solids (by authors) 6. a 
Calculated total dissolved 
solids 66 


discussion, the same analysis is shown for the raw-water Croton 
supply and, for the sodium-zeolite-unit effluent. We have as 
sumed the theoretical sodium-zeolite-softener effluent which 
should indicate no difference in the methyl-orange alkalinity and 
also should indicate some increase in total solids rather than 4 
decrease as shown in the paper. This increase in solids is to be 
normally expected when the equivalent weights of the substances 
entering the base exchange are noted to be 12.2 for magnesium, 
20 for calcium, and 23 for sodium. In other words, for each 12.2 
parts by weight of magnesium removed, 23 parts of sodium are 
introduced and for each 20 parts of calcium removed, 23 parts 
per weight of sodium are introduced. On this particular analy- 
sis, an increase of about 5 ppm in solids is to be expected in 
the sodium exchange cycle. In the third column of Table 3, is 
shown an analysis of sodium-zeolite-softened water treated with 
sulphuric acid and aerated to give the same residual alkalinity 
as shown in the paper by the authors. An appreciable increase 
in sodium sulphate is indicated and the calculated total dissolved 
solids is shown as 77 ppm. Herein lies the disadvantage of this 
method of treatment compared to the combination-method soften 
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ing in the hydrogen cycle, namely, 77 ppm of total dissolved solids 
in the make-up water, compared to 35 ppm, as shown in the 
mixed effluent of the degasifier outlet by the combination 
softening system. 

The authorg indicate that about 70 per cent of the boiler feed- 
water is condensate and 30 per cent make-up water. While the 
total dissolved solids shown by the authors is a maximum for 
boiler-water concentration, approximately 35 ppm in the boiler 
water will have been added by the introduction of internal-treat- 
ing chemicals, leaving about 415 ppm of solids which may be 
present because of concentration of solids in the feedwater. 


Sodium 
zeolite 
treated 
Sodium with 
zeolite; sulphuric 
hydrogen acid plus 
zeolite aeration 


Total solids in make-up water, ppm.......... 35 77 
With 30 per cent make-up water, total solids 

in feedwater, 10.5 23 
Cycles of concentration (415 ppm total solids 

by concentration).............. . 40 18 
Blowdown to maintain total solids within 


Because of the increased rate of blowdown required by the 
method of treatment employing sulphuric acid and aeration, 
this method suffers materially in comparison with the treatment 
method by sodium and hydrogen zeolite, as it will be noted that 
more than twice the rate of blowdown would be required. 

No comments are made on the silica concentrations found in 
the boiler water. On the silica content of the make-up water, 
as shown by the authors and with the cycles of concentration as 
indicated, a silica content of boiler water of approximately 72 
ppm could be anticipated. The question is raised as to whether 
it may not be the silica concentration of the boiler water which 
is the limiting factor on the total solids that are now carried. If 
this should be the case, a higher total solids could be carried with 
the sodium-zeolite acid and aerated water used as boiler feed. 
With the present make-up water, the silica represents 17 per 
cent of the solids in the make-up water, shown by the mixed 
effluent of the degasifier outlet. On the acid-treated and aerated 
water, the silica content is 8 per cent of the total solids. It 
should be pointed out, however, that this lower percentage of 
silica by the acid-treated and aerated system is not due to any 
removal of silica but rather due to the increase in other solids 
in the water by the introduction of the sulphate ion. However, 
such a balance of solids might permit the maintenance of boiler- 
water solids at a somewhat higher level and overcome to some 
degree the great difference in the rate of blowdown shown to be 
necessary by the two possible systems. 

This discussion is presented not in any attempt to criticize the 
selection of a combination-treatment system, consisting of the 
sodium-zeolite and hydrogen-zeolite method of softening in any 
way, but simply to enlarge upon its possible value, as well as to 
indicate other possible methods of treatment which might be 
employed for the solution of such a feedwater-treating problem. 


It is quite likely that the authors considered such a system, as 
outlined in this discussion. The results which have been ob- 
tained have been very well reported by the authors and this pres- 
entation is a valuable contribution to the published literature 
on this subject. 


AvuTHors’ CLOSURE 


The authors wish to express their appreciation for the helpful 
discussion presented on this paper. 

Consideration had been given to the alternate treating scheme 
mentioned by Messrs. Betz and Sheen, whereby the water would 
be softened by carbonaceous-zeolite units with subsequent, acid 
injection and aeration. Despite the fact that this might have 
provided a cheaper initial installation, it would be far less eco- 
nomical to operate. With regard to the initial cost, since the 
same amount of softening material would have been required in 
either case and since some form of acid-proportioning equipment 
would be required in either case, it is felt that the cost of the rub- 
ber linings eliminated by the alternate scheme would constitute 
the only major saving. 

Where hydrogen Zeo-Karb units are employed to produce an 
acid effluent to neutralize the alkalinity of the sodium effluent, 
considerable softening (in our case over 50 per cent) is done in 
the hydrogen or acid units. It is felt that this dual function of 
the hydrogen units results in sufficiently lower costs of the soften- 
ing reagents to justify the expense of the rubber linings involved. 

As stated, by Messrs. Betz and Sheen, the solids concentration 
in the water treated by the alternate scheme would be 77 ppm 
or about twice as much as is obtained in the water treated by the 
sodium and hydrogen Zeo-Karb combination. They suggested, 
however, that this would be of little consequence if the concen- 
tration of silica in the boiler water were, the limiting factor. 
That is, the rate of blowdown could be held the same as now pre- 
vails, provided the total concentration in the boiler water were 
allowed to double, which, of course, could be done without in- 
creasing the silica concentration now prevailing. 

In regard to this point, the authors doubt that it would be 
possible greatly to increase the boiler-water concentration with- 
out excessive carry-over from the boilers under present conditions. 
Hence, in all probability, it would be necessary to double the 
blowdown loss with the alternate scheme of feedwater treatment. 
This would amount to a loss equivalent to about 1.5 per cent of 
boiler efficiency. 

Even with the relatively low concentrations now being main- 
tained, in the high-pressure boilers, there is some carry-over of 
which a portion is silica. This silica, however, has been found 
only in the feed-heating section of but one of the two high-pres- 
sure turbines and in the latter stages of some of the low-pressure 
turbines. No silica scale has been found in the boilers. If a 
lower concentration of silica in the boiler water should be ad- 
vantageous, the quantity of blowdown could be doubled with 
the present system, which, of course, would halve the silica con- 
centration which now prevails. Under these conditions, there 
would probably be the additional advantage of a higher-quality 
steam, caused by correspondingly lower total-solids concentra- 
tion in the boiler water. 


| 
t 
| 
me 
| 
3 
| 
| 
Figg 
a 
| 
is 
G 
| 
| 
| 
| 
2 
d 
| 
2 
in 
is 
y 
| 


i 
t 
: 
ay 
= 3 
3 
A 
poe 
— 
me 
: 
he 
aye 
j 
<4, 


Adsorption Process for Removal of Soluble 
Silica From Water 


By L. D. BETZ,! C. A. NOLL,? ano J. J. MAGUIRE® 


Magnesium oxide has been shown to be particularly 
valuable in the removal of soluble silica from water. This 
paper deals with an adsorption process for silica removal 
which has been recently developed. This process is par- 
ticularly well adapted for use in conjunction with hot- 
process lime-soda softening, causing no increase in the 
quantities of either lime or soda ash. Removal of silica 
from solution is effected, not by a chemical reaction but 
by adsorption from solution. Adsorption data correspond 
to Langmuir and Freundlich adsorption isotherms. An 
outstanding advantage of this process is the fact that the 
solids content of the treated water is decreased, rather than 
increased. No increase in the total solids content of the 
treated water results as would be the case with the use of 
reagents such as ferric sulphate and magnesium sulphate. 
In common with other adsorption processes, the last traces 
of silica are the most difficult toremove. Toillustrate what 
can be accomplished in this respect data are presented 
from an actual full-scale plant test in which a silica con- 
tent of 6.3 ppm in the raw water was reduced to an average 
of 0.6 ppm in the treated water. Experience has also been 
gained in the treatment of a natural water in which the 
silica content was reduced from 56 ppm to 1 ppm in the 
treated water. 


HE difficulties attendant upon the presence of silica in 

boiler feedwater have become problems of major impor- 

tance in the design and operation of high-pressure power 
plants. No proposed power-plant design is complete without a 
detailed investigation of the type of feedwater conditioning that 
may be applied. One of the most important factors to be con- 
sidered in such an investigation is the silica content of the make- 
up water and the steps that may be taken for reduction of silica 
to a tolerable value. In many plants the permissible silica con- 
tent of the concentrated boiler water is the determining factor 
limiting the type of feedwater conditioning to be applied. 

Such requirements may stipulate that the silica content of the 
boiler water not exceed 10 ppm. If make-up water is to con- 
stitute more than a very minor percentage of the total feedwater, 
it is usually necessary to design the feedwater-treatment plant 
with the primary purpose of reducing the silica content. In 
many cases the stipulation of such low silica content of the 
boiler water is designed to provide against siliceous deposits on 
turbine blading. 

The deposition of calcium- and magnesium-silicate scales can 
usually be prevented in low-pressure operation by intelligent con- 
trol of boiler-feedwater conditioning unless the silica content of 
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the boiler feedwater is in excess of 50r10 ppm. In high-pressure 
operation, however, very minor quantities of silica in boiler feed- 
water have resulted in the formation of complex silicate scales. 

Sodium-alumino-silicate scales are normally referred to as 
analcite scales. Analcite has the formula Na,O-Al,0;4Si0.- 
2H,0. Other sodium-alumino-silicate scales have been identi- 
fied by X-ray-diffraction methods which provide the most re- 
liable means of identifying these complex crystalline formations. 
Among the formations identified in scale from high-pressure 
boilers are cancrinite, noselite, 
and sodalite, 

The presence of aluminum can be noted in ali of these deposits. 
Formation of such complex scales has frequently led to the dis- 
continuance of aluminum coagulants, particularly inasmuch as 
aluminum becomes soluble to an appreciable extent at pH values 
above 8 (1). Use of various forms of aluminum as a coagulant 
in hot- or cold-process lime-soda softening, therefore, may intro- 
duce the undesirable aluminum ion into the boiler feedwater. 

Silica is conventionally expressed as SiO: in a water analysis. 
Various investigators have made clear the distinction between 
erystalloidal and colloidal silica (2, 3, 4). They have indicated 
the major portion of the silica found in natural waters to be in 
the crystalloidal state. Silica present suspended in water in the 
form of mud can be removed by coagulation and filtration. The 
major problem in the conditioning of boiler feedwater is the re- 
moval of soluble silica from solution. 

Various methods for the removal of silica from boiler feedwater 
have been presented by different investigators. Among these 
has been the work of Schwartz on ferric sulphate and hydrous 
ferric oxide. He clearly outlines the inherent advantages and 
disadvantages of the use of these materials (4). It has been 
known that a certain amount of silica removal is effected in hot- 
process lime-soda softeners where there is an appreciable mag- 
nesium content of the raw water. Magnesium sulphate has been 
used in some instances for the purpose of silica removal. How- 
ever, until recently, no process was available that would effect 
any desired degree of silica removal without an increase in the 
solids content of the treated water, usually to such an extent as 
to prevent the practical use of this treated water. 

An adsorption process for silica removal has recently been de- 
veloped which permits reduction in soluble silica to practically 
any desired value with a decrease in solids content of the treated 
water, rather than an increase. Some laboratory data on this 
process have already been described by the authors (5, 6). 

Various forms of magnesium oxide have been tested from the 
relatively impure materials such as dolomitic lime, a mixture of 
calcium oxide and magnesium oxide, and calcined magnesite to 
the finer materials of U.S.P. grade. The material found most 
efficient and economically feasible for silica removal is a type of 
specially prepared adsorptive form of magnesium oxide, pre- 
pared from sea-water bitterns by the California Chemical Com- 
pany, and termed Remosil for identification purposes. Unless 
specifically stated otherwise results described were secured with 
the use of this material. 

Colorimetric silica was determined with the use of a Taylor 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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analyzer and by a Klett-Summerson photoelectric photometer 
using the Betz photometric method (7). Gravimetric silica 
was determined in the conventional manner (8). 


EFFECT OF TEMPERATURE 


A very important factor is the temperature at which silica re- 
moval is effected by means of magnesium oxide. The efficiency 
of silica removal increases with increase in temperature. Fig. 1 
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illustrates the effect of temperature, showing the major increase 
in percentage silica removal resulting with an increase in tem- 
perature up to 95 C, the approximate temperature of operation 
of hot-process softeners. 


EFFect oF RETENTION TIME 


Where the silica content of the raw water is to be reduced to 
the range of 2 to 5 ppm, little is to be gained by increase in time 
of retention above 1 hr at 95 C. In fact, equilibrium is reached 
almost completely in 15 min. In the cold, however, equilibrium 
is reached much more slowly. This is shown in Fig. 2. The 
data employed in plotting each curve were secured through the 
treatment of the same water with identical quantities of mag- 
nesium oxide. All conditions were held constant in each case 
with the exception of the fact that one series of tests was con- 
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ducted at a constant temperature of 95 C and the other series 
was conducted at a constant temperature of 23 C. 

Greater silica removal is effected at 95 C than at 23 C by the 
same quantity of magnesium oxide, as noted from these curves. 
The removal of silica is 85 per cent complete in 15 min and reten- 
tion over 1 hr yields little advantage at the higher temperature. 
At the lower temperature, however, there is a steady increase in 
the percentage silica removal with increase in retention time, 
although this curve too flattens with longer periods of retention. 


EFFect oF PH 


Schwartz (4) has shown that the optimum pH value for re- 
moval of silica by ferric sulphate was 9 for the waters investi- 
gated. An investigation by the authors has indicated that the 
optimum pH range for silica removal by means of aluminum hy- 
droxide to be 8.3 to 9.1. However, at these pH values the alu- 
minum ion goes into solution making a pH range of 7.6 to 8.0 more 
suitable from a practical standpoint (1). Investigations of the 
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effect of pH on removal of silica by means of magnesium oxide 
have indicated the optimum pH value to be approximately 10.1. 

Fig. 3 illustrates the results obtained in the treatment of three 
different waters for varying degrees of silica removal. For each 
curve a constant quantity of magnesium oxide was employed, 
and the only factor varied was the pH. The point of maximum 
silica removal is observed in each case to occur at a pH of approxi- 
mately 10.1. It can also be noted from these curves that, with 
successive increases in the percentage of silica removal, the con- 
trol of pH becomes less critical. 

The optimum pH of 10.1 for maximum silica removal is readily 
obtainable with either hot- or cold-process lime-soda softening. 
On the other hand, with a pH of 9 for best results with ferric 
sulphate and a pH of 7.6 to 8 for best results with aluminum hy- 
droxide, it is evident that neither of these materials can be used 
with full efficiency in conjunction with lime-soda softening. 


MEcHANISM OF Srtica REMOVAL BY MAGNESIUM OXIDE 


In the various softening reactions normally encountered in 
water conditioning there is a stoichiometric relation or a constant 
reacting value. For example, a definite quantity of soda ash or 
disodium phosphate will always react with a definite amount 
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TABLE 1 ADSORPTION DATA 


Original 
Magnesium Residual Silica silica Silica 
oxide, silica, removed, removed, removed 
ppm ppm ppm per cent per part MgO 
0 19.9 0.0 0.0 eee 
10 11.9 8.0 40.0 0.80 
30 5.9 14.0 70.2 0.465 
60 3.0 16.9 85.0 0.28 
100 2.0 17.9 90.0 0.18 
130 1.2 18.7 94.0 0.14 
0 10.1 0.0 0.0 sae 
10 nan 3.0 29.7 0.30 
30 4.4 4.7 56.5 0.19 
50 3.0 7.3 70.3 0.14 
70 2.4 7.7 76.2 0.11 


Note: Conditions: 30-min stirring-and-retention time; temperature, 
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Fig. 4 ADSORPTION OF SILICA BY MAGNESIUM OXIDE 
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of calcium sulphate in accordance with the law of combining 
weights. Such a reaction is independent of the initial and final 
concentration of calcium sulphate. The removal of silica by 
means of magnesium oxide, however, is not a stoichiometric re- 
action but proceeds by adsorption from solution. Adsorption is 
conditioned by the extent of surface exposed, by concentration, 
by temperature, as well as the specific nature of the adsorbent 
and adsorbed substance. Adsorption data (9) on two waters of 
different silica content are presented in Table 1. 

The relationship between the percentage silica removal and 
the quantity of magnesium oxide employed is shown in Fig. 4. 
A straight line would be characteristic of a stoichiometric chemi- 
cal reaction, but, as can be noted, the line for each water rises 
sharply at first and then gradually flattens. The need for greatly 
increased quantities of magnesium oxide to effect removal of the 
last 10 to 20 per cent of the original silica content is characteristic 
of adsorption reactions. ° 

As can be expected with this type of reaction, the efficiency of 


silica removal (quantity of silica removed per part of magnesium 
oxide) decreases with increased removal of silica from solution. 
Fig. 5 illustrates this fact and indicates that, as larger quantities 
of silica are removed from solution in a given water, each in- 
crease in the amount of magnesium oxide removes successively 
less silica. 

This adsorption characteristic should not be confused to mean 
that the higher the initial silica content of a given water, the less 
silica will be removed per part of magnesium oxide. On the con- 
trary, as can be seen from Fig. 5, and Table 1, the higher the ini- 
tial silica content, the higher the quantity of silica removed per 
part of magnesium oxide. However, for any definite initial 
silica content of a raw water, as the amount removed from solu- 
tion increases with increase in quantities of magnesium oxide, 
the silica removed per part of magnesium oxide decreases. 

The empirical equation of Freundlich (10) is generally used to 
determine if a reaction proceeds by adsorption. This reaction 
may be expressed as 


= = Kc’ 


where K and 1/n are constants 
x = quantity of material adsorbed 
m = quantity of adsorbent 
C = residual concentration of adsorbed material at equilibrium 


When the logarithm of z/m is plotted against the logarithm 
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Fic. 6 FREUNDLICH ADSORPTION ISOTHERM 


of C, a straight line will result if the reaction involved corre- 
sponds to the foregoing equation. Plotting on a double logarith- 
mic scale the silica removed per part of magnesium oxide against 
residual silica in solution, as shown in Fig. 6, indicates the re- 
moval of silica from solution by magnesium oxide to conform 
with a Freundlich adsorption isotherm. 

Although adsorption reactions are normally more efficient at 
lower temperatures, the adsorption of certain colors and gums 
(11) like adsorption of silica are more efficient at elevated tem- 
peratures. 


REMOVAL OF Sinica IN ConsuNCTION Wits Lime-Sopa 
SoFTENING 


Removal of silica from solution by means of magnesium oxide 
can proceed simultaneously with the removal of hardness by 
lime-soda softening. Both reactions can take place in the same 
tank and one does not interfere with the other. Since the op- 
timum pH value for silica removal, 10.1, is readily obtained with 
lime-soda softening, the environment provided by such softening 
is ideal for securing the most efficient removal of silica from solu- 
tion. 

No increase is occasioned in the amount of either lime or soda 
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ash used where magnesium oxide is employed in the removal of 
silica. Requirements of these softening chemicals remain unaf- 
fected by the magnesium oxide, whereas, the use of reagents such 
as magnesium sulphate, ferric sulphate, and dolomitic lime may 
require the use of large additional quantities of lime and soda ash. 

Magnesium oxide acts as an excellent coagulant in conjunction 
with the lime-soda process and reduces the turbidity of the ef- 
fluent from the sedimentation tank and filters. Where mag- 
nesium oxide is used for silica removal the need of an additional 
coagulant is eliminated. 

The hardness and alkalinity of a properly balanced lime-and- 
soda effluent are not increased by the use of magnesium oxide. 
There is no interference with the normal softening reaction, and 
it is often possible with the use of magnesium oxide to achieve a 
lower hardness and a lower alkalinity of the softener effluent than 
if only lime and soda ash were employed. 


TABLE 2_ SILICA REMOVAL BY MAGNESIUM OXIDE IN CON- 
JUNCTION WITH HOT-PROCESS LIME-SODA SOFTENING 


Analysis 
P alka- M alka- 
linity linity 


Hard- 
ness 


as as as 
CaCOs, CaCOs, CaCOs, 
ppm ppm 


Cal- 
cium 
hy- 
droxide, 
ppm 
30 15 0 15 
30 15 200 15 


Reten- 
tion 
time, 
min 


Sodium 
carbo- 
nate, 
ppm 


Magne- 
sium 
oxide, 

ppm 


Silica 
as 


55 “75 “0 30 
55 75 100 30 
“0 30 
100 30 


Conditions: Temperature, 95 C. 


15 140 
15 140 


COS OHO 


Norte: 


TABLE 3_ SILICA REMOVAL BY MAGNESIUM OXIDE 
EMPLOYING SODIUM HYDROXIDE 


Sodium 
hydrox- 


Magne- 
sium tion 

oxide, i 
ppm 


- Analysis 
Reten- Hardness  P alka- M alka- Silica 
i as —S linity as as 
ide, CaCOs, CaCOs, CaCOs, SiO:, 
ppm ppm ppm 
66 44 28 


60 20 34 


30 300 15 66 20 

Note: Conditions: Temperature, 95 C. 

Table 2 illustrates typical results of the use of magnesium 
oxide in conjunction with hot lime-and-soda softening on waters 
of relatively high silica content. Even the higher quantities of 
magnesium oxide necessary in these cases did not occasion an in- 
crease in the quantities of lime or soda ash or interfere with 


softening efficiency. 


Smica RemovaL BY MaaGnesium OxipE Emp.ioyine Sopium 
HypRoxIDE 


On waters of relatively low hardness it may not be desirable to 
attempt softening by the lime-soda process. In such cases, 
sodium hydroxide or lime only may be used to establish the 
proper pH value for most efficient silica removal. In such cases, 
some degree of softening may be effected. 

Table 3 illustrates results obtained on waters of relatively high 
silica content, employing with magnesium oxide sufficient so- 
dium hydroxide for efficient silica removal. 


Smica REMOVAL IN CONJUNCTION WitH Hot-Process PxHos- 
PHATE SOFTENING 


Where it is desired to effect practically complete removal of 
hardness externally, hot-process phosphate softeners are fre- 
quently employed. These may be installed taking as feedwater 
to the phosphate unit, the effluent of a hot-process lime-soda 
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softener which has already effected removal of the major por- 
tion of the hardness of the raw supply. Obviously, in such 
cases, silica removal can be effected in the lime-soda unit, and 
the partially softened and silica-free effluent passed to the phos- 
phate softener where the hardness removal is completed. 

Where a phosphate softener operates directly on the raw supply 
without preliminary hot-process softening, it is desirable to ef- 
fect silica removal and hardness reduction in two-stage opera- 
tion. Silica removal can be first accomplished by magnesium 
oxide in conjunction with lime or sodium hydroxide and then 
followed by phosphate softening, after sedimentation of the pre- 
cipitates from the silica-removal process. Magnesium oxide 
possesses the property of adsorbing phosphate from solution as 
well as silica, hence the desirability of two-stage operation. It 
is not necessary that two sedimentation tanks be employed, but 
the dual process of silica removal and softening can be accom- 
plished in one tank if properly designed for the purpose. 
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Fie. 8 RecitRCULATION OF MAGNESIUM-OXIDE SLUDGE 


Phosphate softening can be applied to the effluent of the silica- 
removal system as represented by the treated waters in Tables 2 
and 3. There will be no increase in the silica content and prac- 
tically no change in the characteristics of these treated waters 
with the exception of reduction of hardness to zero and the main- 
tenance of approximately 5 to 10 ppm excess phosphate. 


RECIRCULATION OF SLUDGE 


It has previously been shown by Table 1, and Fig. 5, that the 
silica removed per part of magnesium oxide decreases with lower 
residual silica in solution. Table 1 shows that, on a water of 
19.9 ppm initial‘silica content, the use of 180 ppm magnesium 
oxide reduced silica to 1.2 ppm, 0.14 part silica being removed 
per part of magnesium oxide. Where only 30 ppm magnesium 
oxide were used, however, silica reduction was effected down to 
5.9 ppm, and 0.465 part silica was removed per part of magnesium 
oxide. It is evident, therefore, that in this case the used mag- 
nesium oxide for treatment down to 1.2 ppm silica still possesses 
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a silica-removal capacity of 0.325 (0.465 — 0.14) part silica per 
part of magnesium oxide. This capacity for silica removal can 
be employed on the original water to reduce its silica content to 
5.9 ppm. In this manner the partially spent magnesium oxide 
can be used for partial silica removal and thus result in the use of 
a lesser quantity of fresh magnesium oxide to reduce the silica 
from 5.9 ppm to 1.2 ppm. Recirculation of sludge provides an 
opportunity for increasing the efficiency of silica removal in 
this fashion. By recirculation the quantity of magnesium oxide 


necessary to accomplish a given silica removal has been reduced . 


by as much as 60 per cent. 

The steeper the slope of a Freundlich adsorption isotherm, the 
greater benefit is to be gained by recirculation of the partially 
spent magnesium oxide. Reference to Fig. 6 will show rela- 
tively steep slopes of the isotherms, indicating that considerable 
benefit may be derived through recirculation. 

Fig. 7 illustrates in a similar manner to Fig. 5 the decrease in 
the silica removed per part of magnesium oxide with increased 
removal of silica, without recirculation of sludge. The results 
obtained with sludge recirculation are also shown. As can be 
noted the silica removed per part of magnesium oxide is consider- 
ably greater with recirculation. A major improvement in the 
efficiency of silica removal is thus obtained. 

An interesting point also noted is that with recirculation, as 
greater quantities of silica are removed from solution, the silica 
removed per part of magnesium oxide increases. In this particu- 
lar case, therefore, it is evident that recirculation has also pro- 
vided a means of overcoming one of the most troublesome char- 
acteristics of adsorption. By recirculation it is actually possible 
to increase the silica removed per part of magnesium oxide with 
increasing removal of silica from solution. 

The practical application of recirculation is very simple. 
Fig. 8 illustrates the method of sludge recirculation employed 
with a lime-and-soda softener. Since it is adsorption of silica 
by means of the recirculated magnesium precipitates which ac- 
complishes silica removal, there is no change in the chemical 
balances maintained on the softener effluent. Recirculation af- 
fects the characteristics of the softener effluent only with respect 
to a reduced silica content. 


COMPARISON OF VARIOUS ForMsS OF MAGNESIUM OXIDE 


A number of different forms of magnesium oxide have been 
investigated for use in the removal of silica from water. Many 
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of these materials, such as, magnesium sulphate and dolomitic 
lime, may considerably increase the solids content of the treated 
water. Fig. 9, however, simply illustrates the comparison of the 
silica-removing capacity of each of the substances listed. Re- 
sults, on which Fig. 9 are based, were obtained through the treat- 
ment of the same raw water with 150 ppm of each reagent. 
Efficiency of each material is expressed in terms of the percent- 
age of original silica removed. Inasmuch as the removal of the 


last 10 to 20 per cent of the original silica content of the water, 
as previously noted, requires the higher quantities of reagent and 
is most difficult to remove, it is evident that those materials which 
removed over 80 per cent of the original silica content possess 
very high silica-removal capacity. 


CoMPARATIVE TESTS ON SILICA REMOVAL 


One of the major advantages of the use of magnesium oxide for 
silica removal is that silica can be removed and the solids con- 
tent of the water actually decreased by this process, rather than 
increased. Where magnesium sulphate or ferric sulphate are 
employed for silica removal, an alkali is necessary for the pre- 
cipitation of the respective hydroxides. Where sodium hy- 
droxide is employed for this purpose, it is obvious that the sodium 
sulphate resulting from this reaction will materially add to the 
solids content of the treated water. The amount of sodium 
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sulphate so introduced, in the case of high-silica waters, may ex- 
ceed the solids content of the raw supply by several hundred 
per cent. 

Dolomitic lime for use in silica removal was investigated and 
reported upon by Behrman and Gustafson (12). These investi- 
gators concluded that this material could not be successfully used 
for silica removal. Tests made by the authors have shown that 
silica removal may be accomplished by means of dolomitic lime 
but the increase in solids content, either in the form of hardness 
or alkalinity, occasioned by the use of this material may make 
such a process impractical for certain water supplies. 

Dolomitic lime is prepared by the roasting of dolomite which 
is a mixture of calcium and magnesium carbonate. Calcium 
oxide or unslaked lime and magnesium oxide result from this 
roasting process and the mixture is termed dolomitic lime. The 
magnesium oxide present in dolomitic lime can, if in the proper 
form, remove silica but introduces at the same time a large 
amount of calcium oxide. On a relatively soft water this cal- 
cium oxide will materially increase the hardness. The quantity 
of magnesium oxide, combined in dolomitic lime, that is necessary 
for silica removal exceeds considerably the amount of calcium 
hydroxide required for the removal of carbonate hardness. The 
increased calcium content of the water must then be removed 
by the use of soda ash, precipitating calcium carbonate but re- 
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TABLE 4 COMPARATIVE TESTS ON SILICA REMOVAL 


Original 
water 
Hardness as CaCOs, ppm 
Sulphate as SO,, 
Chloride as Cl, 


Silica removed ad part MgO 
in reagent used............. 


Magnesium oxide (Remosil), 


hydroxide, ppm 
sulphate (MgSO« 
2' 
Dolomiti fin 
Sodium car work ppm 
Ferric sulphate (Ferrisul), ppm 


oTE: Conditions: Tests 1 to 5 inclusive; 


Test 3 Test 4 Test 5 


0.034 
0.209 


0.033 
0.205 


0.062 
0.176 


0.041 
0.115 


725 725 
670 
375 


15-min time; temperature, 


95 we Test 6; 60-min stirring-and-retention time; temperature 25 


TABLE 5 SUMMARY OF FIELD TESTS ON SILICA REMOVAL 


Softener- Magne- Silica 
effluent sium removed 
silica as oxide per part 

SiO:, (Remosil), magnesium 

Date oxide 


Raw-water 
silica as 


12/7/39 
12/5/39 and 12/6/39 
12/11/39 to 12/14/39 
12/4/39 


leasing an equivalent amount of objectionable sodium hydroxide. 
This results in high solids and alkalinity of the treated water. 

Fig. 10 illustrates the fact that increase in the temperature at 
which silica removal takes place materially aids in the efficiency 
of silica removal by means of dolomitic lime in the same manner 
as increase in temperature aids removal of silica by magnesium 
oxide, as was shown in Fig. 1. 

Table 4 illustrates the results obtained in the treatment of a 
raw water with the use of magnesium oxide, magnesium sulphate, 
dolomitic lime, and ferric sulphate. On a raw water of the type 
employed, it is evident from the analyses of the treated waters 
that removal of silica by magnesium sulphate, dolomitic lime, 
and ferric sulphate introduces exceedingly large solids content 
and the resulting characteristics of the treated water will present 
difficulties if used as boiler feedwater. 


Frevp TEsts on REMOVAL 


The use of magnesium oxide for silica removal, in combination 
with hot-process lime-and-soda softening, has been proved under 
actual field conditions. The following data, secured from the 
first field tests conducted at the Lester, Pa., plant of the Westing- 
house Electric and Manufacturing Company, are typical of 
those secured under plant conditions without recirculation of 
sludge. 

Table 5 summarizes the results obtained in the removal of 
silica employing magnesium oxide. The values for the silica 
content of the raw and softener effluent are averages of tests 
made on samples composited from the softener effluent at 2- 
hr intervals and from the raw water at 4-hr intervals of the dates 
noted. It can be observed that the silica removed per part of 
magnesium oxide decreases with increased removal of silica from 
solution. 

Fig. 11, based on the results given in Table 5, shows the plot 
of percentage of original silica removal against quantities of 
magnesium oxide employed. Like Fig. 4, which was based on 
laboratory data, the curve flattens with increased quantities of 
magnesium oxide as is characteristic of adsorption. 

Fig. 12 illustrates a Freundlich adsorption isotherm plotted 
from the data of Table 5. It can be noted that the slope of the 
line is considerably less than was secured in the case of the labora- 


tory data shown in Fig. 6. Although recirculation of sludge 
was not employed in these tests, the accumulation of sludge tak- 
ing place in the sludge cone of the sedimentation tank will yield 
effects similar to partial recirculation. Experiments in labora- 
tory beakers without recirculation result in the water coming in 
contact with only the quantity of magnesium oxide used in the 
treatment of the individual 1-liter sample. 

Under field conditions, however, if the sedimentation tank is 
desludged only once in 8 hr and the softener is operating at its 
rated capacity, there is the possibility of the treated water com- 
ing into contact with 8 times the quantity of magnesium-oxide 
sludge as was used in the treatment of an individual quantity of 
the water. Although this sludge will not, of course, come into 
the desired intimate contact with the raw water, there will be 
some effect observed as if a very small amount of recirculation 
were applied. This effect, coupled with the fact that a lesser 
quantity of adsorbent is always required under field conditions 
than under laboratory conditions, results in decreasing the slope 
of the Freundlich isotherm. 


Frevp Tests oN COAGULATION WitH MaGNeEsiuM OxIDE 


It has been mentioned previously that, with the use of mag- 
nesium oxide for silica removal in hot-process lime-soda softeners, 


8 


8 


8 8 $ 8 3 


PER CENT OF ORIGINAL SILICA REMOVED 


4 1 4 


of 


20 30 40 
MAGNESIUM OXIDE, PPM 


Fig. 11 Tests on ADSORPTION oF SILICA 


° 


° 


° 


bd 


1 


SILICA REMOVED PER PART MGO 


2 


06 1.0 
RESIDUAL SILICA IN SOLUTION , PPM 


Fig. 12 Freunpiica Apsorption IsorHeRM BasED ON TESTS 


5 
48 24 148 242 48 
14 484 478 14 14 276 
19 19 19 19 19 19 
P alkalinity as CaCOs,ppm.... 0 20 68 18 132 568 12 
Ica Pa M alkalinity as CaCOs, ppm.. 60 68 140 102 168 602 74 P 
9.3 9.8 8.9 11.1 11.7 9.0 
ilica as SiOz 2.5 3.0 3.8 2.8 18.4 14.6 
0.180 
. 

— 
| 
6.2 3.4 15 0.19 
6.4 2.3 25 0.16 
6.3 0.6 40 0.14 
6.3 0.2 60 0.10 ] 
| 
3 

x 
> 

q 


BETZ, NOLL, MAGUIRE—ADSORPTION PROCESS FOR REMOVAL OF SOLUBLE SILICA FROM WATER 719 


excellent coagulation is secured and the need for additional coagu- 
lants is eliminated. Fig. 13 illustrates the turbidity determined 
on samples of effluent from the sedimentation tank and filter of 
the Cochrane hot-process unit at the Lester plant under compara- 
ble load conditions. Two series of tests were made using, in 
one case, 10 ppm magnesium oxide, and in the other case, 20 ppm 
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of a sodium-aluminate solution of 21.6 per cent, Al,O; content. 
Turbidities were determined with the use of a Hellige turbidime- 
ter, immediately after collecting and cooling the samples. 


Fretp Tests on REMovat WitTH RECIRCULATION 


The tests to be cited are typical of the silica removal which 
has been accomplished with recirculation of the partially spent 
magnesium-oxide sludge. These results are particularly interest- 
ing because of the high silica content of the raw water of 51.5 
ppm as SiO,. 

Fig. 14 illustrates the silica removal accomplished in a hot- 
process lime-soda softener with three different rates of feed of 
magnesium oxide at 25, 50, and 75 ppm. Reduction of silica to 
4.5 ppm was obtained by the use of 75 ppm magnesium oxide. 
In these tests the magnesium oxide was simply added to the chemi- 
cal mixing tank of the softener along with lime and soda ash. 
Recirculation of sludge was employed in the manner shown in 
Fig. 8. 

Fig. 15 illustrates the typical reduction in adsorption efficiency 
(quantity of silica removed per part of magnesium oxide) with 
increased removal of silica from solution. The effect of sludge 
recirculation can be noted in the relatively high quantity of 
silica removed per part of magnesium oxide, corresponding during 
the first part of the curve to better than 1 part of silica removed 
per part of magnesium oxide employed. 


CONCLUSION 


The efficient removal of silica from solution by means of magne- 
sium oxide has been shown by laboratory and field tests. Com- 
parative tests have indicated the superiority of magnesium oxide 
over the other reagents employed, not only in the quantity of 
silica removed per part of reagent employed but also with respect 
to the solids content of the treated water. It should be borne 
in mind, however, that the laboratory results presented have 
been secured under certain definite conditions and usually at re- 
tention times less than 1 hr. Before the requirements of magne- 
sium oxide necessary for silica removal for any certain water can 
be calculated, it is necessary to know the temperature of opera- 
tion, retention time permitted, equipment available, whether or 
not softening is also to be effected in the same tank, and whether 
recirculation of the partially spent magnesium-oxide sludge is 
to be employed. In translating laboratory requirements into 
terms of practical operation, it should be remembered that a 
lesser quantity of magnesium oxide is required under field condi- 
tions than in the laboratory and also that recirculation of sludge 
provides an opportunity for securing as much as 60 per cent re- 
duction in magnesium-oxide requirements. 
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Silica in High-Pressure-Boiler Water 


By HAROLD FARMER,' PHILADELPHIA, PA. 


The advent of high steam pressure has resulted in many 
boiler-tube failures in which silica appears to have played 
avery significant part. Attention is called in this paper to 
the fact that silica trouble appears to be more prevalent in 
high-pressure boilers having high rates of heat input. 
Trouble has occurred irrespective of high or low silica con- 
tent in the boiler water, although silica scale does not form 
in all boilers irrespective of the amount present. The 
author points out the need for more basic knowledge re- 
garding the behavior of silica in boiler water at high pres- 
sures and temperatures, as well as the development of 
satisfactory methods for determining the form in which 
silica exists in the boiler water. 


URING the last two years, it has become increasingly evi- 
Die that recognition is being given to the fact that the pres- 

ence of silica is a factor of major importance in controlling 
satisfactorily the water conditions in high-pressure boilers. The 
author has had some experience with this problem and has also 
had an opportunity to observe the results obtained by other in- 
vestigators. 

Generally speaking, the presence of silica in boiler water at 
steam pressures below 600 psi has not given serious trouble or else 
it could be satisfactorily controlled. 

The advent of steam pressures of the order of 1200 psi has re- 
sulted in many tube failures in which silica appears to have played 
a very significant part. In some instances, failures have occurred 
when the silica content of the boiler water has been lower than 20 
ppm. This has occurred even when other water conditions with 
respect to alkalinity, pH, and the freedom from scale-forming 
salts, such as calcium and magnesium, were considered ideal. 


Wuere Sixica TrovusB.e Is Founp 


It has been observed, in high-pressure boilers of low heat input, 
that the trouble from silica deposits has not been especially seri- 
ous. Most of the silica trouble has occurred in high-pressure 
boilers having high rates of heat input. However, this does not 
imply that all high-pressure boilers, having high rates of heat in- 
put, will experience difficulty from silica. It may be, however, 
that the high rate of heat input at high rates of evaporation will 
upset the proper circulation and result in starvation and dry areas, 
under which condition, soluble salts including silica may deposit 
on the dry-area surfaces. When these surfaces are again wetted 
the soluble salts dissolve again but, due to the increased tube 
temperature during the starvation period, the silica present may 
undergo a change in structure and, in this form, may not now be 
soluble. Repeated cycles of starvation will ultimately build up a 
deposit of silica which will cause overheating of the tube with 
ultimate failure. Some of these failures have manifested them- 
selves by characteristic blistering. 

In contrast to this type of failure, some do not have the blister, 
the failure being characterized by a small hole in the tube, which, 
when examined from the inside, gives the appearance of corrosion 


i Chief Chemist, Philadelphia Electric Company. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies, and presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of Toe AMERICAN Society oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


and overheated metal. Study of the tube metal on the inner 
surfaces shows that the portion which failed is often surrounded 
by a hard silica scale. This type of failure has been attributed 
by some investigators to the same cause as that mentioned, i.e., 
starvation with formation of silica deposits. The ultimate fail- 
ure, however, is attributed to some condition which might cause a 
small piece of the scale to break away or flake off from the tube 
surface, resulting in this small area (relieved of material which 
tended to reduce the heat transfer) trying to absorb too much 
heat, causing dissociation of water and consequent failure of the 
tube. 

The theory advanced to explain this type of failure, if correct, 
is of more than passing interest, because a similar condition could 
exist on the furnace side of the tube as on the water side. Imag- 
ine a powdered-fuel furnace with a tube completely slagged 
when, suddenly, a small piece of the slag falls away leaving a 
clean surface; this would be similar in all respects to the breaking 
away of scale on the inside of the tube. While we have no proof 
to support this theory, we have evidence of tube failures in the 
furnace when there is no sign of scale on the inside of the tube. 

There is no doubt but that the silica problem is serious. As in 
the case of many other problems of the past, we must go through a 
period of failures in order to gather sufficient data, first to develop 
theories and then to substantiate them until they are generally 
accepted. Ultimately, evidence must be developed to show that 
they follow definite laws. However, the number of data now 
available might be correlated by some research group with a 
thorough knowledge of the problem, coupled with operating ex- 
perience, at least to establish an intelligent starting point for at- 
tacking this problem. 


SHoutp BE at A MINIMUM IN FEEDWATER 


Information now available definitely indicates that silica in 
any form should be maintained at a minimum value in the boiler 
water. Even with good condensate feedwater, assuming the 
total dissolved solids to be 1 ppm, the water may contain 0.1 ppm 
of silica. This seems like a very insignificant amount but, when 
we consider that many of the present-day high-pressure boilers 
evaporate their own volume of water 5 times in 1 hr, this insig- 
nificant figure represents 12 ppm of silica in the boiler in 24 hr. 
Many operators set this figure as the limit and resort to blowing 
down the boilers when this value is approached. If for any 
reason a slight increase in condenser leakage takes place, the silica 
content of the water is yet further increased, necessitating more 
frequent blowing down of the boiler. In many high-pressure 
plants, it has been necessary to maintain a 24-hr constant super- 
vision of the chemical control in order to assure satisfactory water 
conditions in the boilers. 

Plants which operate with a large amount of make-up water, 
which is not evaporated make-up, must resort to external chemical 
treatment for removal of silica. The present effectiveness of such 
treatment appears to have a limitation of about 2 ppm of silica 
residual remaining in the water. Waters of this character may 
necessitate continuous blowing down of the boilers in order to 
maintain silica not in excess of 12 ppm. Frequent blowing down 
of high-pressure boilers is not looked upon with much favor by 
the operators. 


METHODS OF PREVENTING Si11ica SCALE 
The use of internal chemical treatment for the prevention of 
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silica scale in high-pressure boilers has in some instances been 
given consideration but, as yet, this treatment has not proved 
very satisfactory. Some instances have been reported where the 
cure was worse than the disease. One reason why some internal 
treatments may not have been satisfactory is because of the lack 
of the extremely careful supervision and control of the variables 
present in the water at all times, which is vitally necessary to 
uccess. 

Many who have made chemical analyses of boiler deposits and 
scale know that such analyses have limitations but that we can 
rely on them to determine the quantities of certain elements pres- 
ent. However, when we wish to know just how these elements 
exist in combination with each other, the information is lacking or 
at the best it is only hypothetical. A knowledge of the combina- 
tion and form in which the elements exist is definitely of more im- 
portance because it throws light on the physical conditions which 
played a part in the production of the scale. For example, nearly 
every chemical analysis of boiler scale shows or reports silica as 
silicon dioxide (SiO,). In reality it is total silica reported as SiO. 
When it is realized that this reported silica probably could have 
existed in five different forms, all having different physical proper- 
ties, we begin to realize that the quantitative determination of 
the silica present is not the complete story. 

Quite recently, several investigators have employed the X-ray 
diffraction method of analysis for boiler scale and deposits. This 
method has made it possible to identify compounds of the ele- 
ments which, from the knowledge of the physical properties of the 
compounds, has enabled the investigator to indicate, for example, 
the temperature at which certain compounds would or could have 
been formed. Information of this character correlated with tube- 
temperature measurements may furnish reliable data with respect 
to poor circulation or to the possible formation of scale which may 
be troublesome. The author takes this opportunity to state that 
the absence of scale, as shown by boring, is not reliable since 
many of these silica scales are so hard and tough that some of the 
best cutters ride over the surface of the scale. 


TURBINE-BLADE DEposiItTs 


While this paper is supposed to be confined to silica in high- 
pressure-boiler waters, it would be an omission if some reference 
were not made to the aftereffect of silica, namely, the turbine- 
blade deposits. If there were no carry-over with steam, we could 
forget about the turbine, but most boilers have some carry-over. 
Examination of any turbine-blade-deposit analysis always shows 
the presence of some silica and, in most cases, entirely out of pro- 
portion to the silica and other constituents of the boiler water. 
This of course can be explained but it might appear, at first glance, 
that silica carry-over was selective. While this is not generally 
accepted, it does appear that the form in which silica exists in the 
boiler water may have a bearing on the nature of the silica deposits 
formed on the turbine blades. For example, in some instances, 
we find the deposit to be entirely silica (SiO.), deposited like an 
enamel, not water-soluble, and hard to remove. In other in- 
stances, we find the deposit to be in various stages of dehydrated 
sodium silicate, some of it is water-soluble and some of it is not, 
depending upon the degree of dehydration. The temperature of 
the superheated steam of course plays a large part in the form in 
which the silica may exist on the blades, but there is also some 
evidence that the form in which the silica exists in the boiler 
water is related to the form of silica found on turbine blades. 


CoNcLUSION 
In conclusion the writer wishes to point out certain significant 


observations: 
1 The presence of silica in high-pressure-boiler waters has 


been blamed for certain types of tube failures. 


2 The experience of many plant operators indicates the neces- 
sity of maintaining the silica content of the boiler water at a 
minimum (not in excess of 15 ppm). 

3 When poor circulation exists, under certain conditions, the 
presence of small quantities of silica in the boiler water may cause 
serious trouble by deposition of silica scale which reduces the heat 
transfer and results in overheating the tube. 

4 There is evidence to indicate that boilers having a high rate 
of heat input have experienced more trouble from silica scale than 
boilers having a low rate of heat input. 

5 Silica scale does not form in all boilers irrespective of the 
amount present. The condition in which the silica exists in the 
boiler water is an important factor and should be evaluated, to- 
gether with the operating conditions of the boiler. 

6 There is a lack of definite information regarding the be- 
havior of silica and its compounds in boiler water at high pressures 
and temperatures. 

7 Some operators have blamed poor boiler circulation for the 
deposition of silica scale which has been the direct cause of tube 
failure. It is possible that the boiler designer can make further 
improvements in the circulation of high-pressure boilers, but this 
does not relieve the boiler-water chemist from the obligation to 
find ways and means for controlling satisfactorily the silica in 
high-pressure-boiler waters. 

8 The control of water conditions in high-pressure boilers re- 
quires a careful and continuous supervision in order to insure 
satisfactory conditions in the boiler at all times. 

9 It would seem that the Joint Research Committee on Boiler 
Feedwater Studies is a logical body to sponsor an investigation of 
the silica problem in high-pressure-boiler waters. 


Discussion 


E. P. ParrripGe* anp R. E. Hauu.* The author has presented 
a general indictment of silica; let us consider briefly the indi- 
vidual charges which may be drawn against it: 

Silica Accelerates Embrittlement. Resolving some earlier dis- 
crepancies between their experimental results, Schroeder and 
Berk,‘ and Straub and Bradbury‘ each found 5 years ago that as 
little as 3 or 4 parts of silica for each 1000 parts of caustic soda 
greatly stimulated intergranular attack by concentrated solutions 
of the latter on stressed steel. A normal boiler water, containing 
100 ppm of NaOH might accordingly, when concentrated in a 
riveted seam, be fully capable of producing embrittlement even if 
it contained less than 0.5 ppm of silica. 

Silica Causes Deposits in Boilers. As noted in the paper, silica 
may appear in various forms in boiler deposits. Studies with the 
polarizing microscope and with X-ray diffraction have revealed a 
variety of compounds definitely present in various boilers. 

Calcium silicate, like calcium sulphate, forms a hard dense 
scale on heat-transfer surfaces. Clark and Bunn® report that 
four hard calcium-silicate scales consisted of zonotlite, 5CaO- 
5Si0,H,O. In one soft scale, they found a sodium-calcium sili- 
cate, corresponding to the mineral pectolite, Na,0-4Ca0-6Si0, 


2 Hall Laboratories, Inc., Pittsburgh, Pa. 

3 Director, Hall Laboratories, Inc., Pittsburgh, Pa. Mem. 
A.S.M.E. 

4 “Action of Solutions of Sodium Silicate and Sodium Hydroxide at 
250°C on Steel Under Stress,” by W. C. Schroeder and A. A. Berk, 
Trans. American Institute of Mining and Metallurgical Engineers, 
vol. 120, 1936, pp. 387-400; Combustion, vol. 7, no. 8, 1936, pp. 29-33. 

’ “New Laboratory Data Relative to Embrittlement,”’ by F. G. 
Straub and T. A. Bradbury, Power Plant Engineering, vol. 40, 1936, 
pp. 104-105. 

¢“The Scaling of Boilers. Part IV, Identification of Phases in 
Calcium Silicate Scales,” by L. M. Clark and C. W. Bunn, Journal of 
the Society of Chemical Industry, vol. 59, 1940, pp. 155-158. 
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H,O. In our own work,’ we have observed, in addition to zon- 
otlite, a calcium silicate with refractive indexes corresponding to 
hillebrandite, 2CaO-SiO,-H,0. 

Sodium-aluminum silicate in the form of analcite- Na,O-Al,O,; 
4Si0.°2H,0, was first reported as a boiler scale by Powell. A 
similar complex silicate with a lower ratio of SiO, to Na,O and 
Al,O; has also been identified more recently in the course of our 
own work. Scales comprising these constituents develop on 
those heat-transfer surfaces where, because of either an ex- 
tremely high rate of heat input or limited circulation, localized 
evaporation to an excessive degree takes place. 

Another product of this same type of action is the sodium-iron 
silicate, acmite, Na,O-Fe.0;4SiO., found occasionally in over- 
heated slag-screen or waterwall tubes, or along the ceiling of top- 
row tubes in straight-tube cross-drum boilers. 

Silica itself, in the crystalline form of quartz, occasionally ap- 
pears as a major constituent of a scale along with analcite. 

All of the substances noted, other than the rarely occurring 
pectolite, generally form compact scales so hard that mechanical 
removal is difficult. In contrast, magnesium silicate typically 
occurs in a boiler as a soft, sludgy deposit. The individual parti- 
cles appear amorphous, like the mineral meerschaum; the X-ray 
diffraction pattern corresponds to chrysotile, 3MgO-2Si0.2H,0. 

Silica Forms Deposits in Turbines. Carry-over to turbines has 
produced not only deposits of readily water-soluble salts, among 
which sodium silicate may be a prominent constituent, but also 
insoluble hard deposits of silica which can be removed only with 
difficulty. The constitution of these deposits of silica changes 
from the crystal form of quartz in the higher temperature stages 
to amorphous silica in the subsequent stages. 

These charges preferred against silica are admittedly grave, 
particularly at a time such as the present, when an unscheduled 
outage of a boiler or turbine may be a real calamity, and scheduled 
outages are to be postponed as long as possible. 

As a saboteur of power production, silica now gains the atten- 
tion held by calcium sulphate a quarter of a century ago during 
the first World War. Since that time, controlled conditioning with 
phosphate has liquidated scales of calcium sulphate and all other 
calcium compounds, including calcium silicate. What measures 
can be taken against silica in its other aspects? 

To exclude silica from the boiler water would require the evapo- 
ration of make-up, with no carry-over from the evaporators and 
no contamination of condensate returns by condenser leakage, 
storage in concrete tanks, or otherwise. Even under the best 
practical conditions, it would be difficult to prevent the concen- 
tration of silica in the boiler water from reaching the fractional 
part per million capable of accelerating embrittlement. Protec- 
tion against this type of metal cracking must be sought by other 
means: (1) From the mechanical viewpoint, by the use of one- 
piece drums; (2) from the chemical viewpoint, by testing the 
response of each boiler water to the various inhibitors which have 
been suggested. In this connection, our thanks are due Straub 
and Bradbury® on the one hand, and Schroeder, Berk, and 
O’Brien,'* on the other, for the development of testing equipment 
which is putting an end to the “Dark Ages’’ of blind faith, or 

7™“Some Applications of the Polarizing Microscope to Water- 
Conditioning Problems,” by E. P. Partridge, Proceedings American 
Society for Testing Materials, vol. 37, part 2, 1937, pp. 600-608. 

§“A Critical Study of Boiler Scales and Advanced Methods of 
Analysis and Identification,”” by S. T. Powell, Combustion, vol. 5, 
no. 3, 1933, pp. 15-19. 

*“Boiler Water Treatment. New Methods for Preventing Em- 
brittlement,” by F. G. Straub and T. A. Bradbury, Mechanical Engi- 
neering, vol. 60, 1938, pp. 371-376. 

#0 “TIntercrystalline Cracks in Locomotive Boilers,”’ by W. C. Schroe- 
der, A. A., Berk, and R. A. O’Brien, Association of American Railroads, 
Circular DV-989, 1940; “Embrittlement Detector,” Combustion, 
vol. 12, no. 2, 1940, pp. 19-21. 


heretical lack of faith, in the sulphate-alkalinity ratios. Today, 
instead of arguing as advocates, we can test as engineers, then 
modify the conditioning of the boiler water and test again, until 
the tendency of the water to cause intergranular cracking has been 
reduced or eliminated. 

Even though extreme efforts to exclude silica from boiler waters 
would have no significance from the standpoint of embrittlement, 
to the casual observer a case for partial removal of silica might be 
made out with respect to boiler scales and turbine deposits. 
Some clear and hardheaded thinking is, however, needed here. 
It has been pointed out previously that the silica-containing sub- 
stances which actually form scales in boilers are predominantly 
calcium silicate, on the one hand, and sodium-aluminum silicate, 
on the other. That calcium-silicate scale, like calcium-sulphate 
scale, is prevented from forming by the maintenance in the boiler 
water of a slight excess of phosphate ion, has been abundantly 
proved in plant after plant. Scales of sodium-aluminum silicate 
and of sodium-iron silicate in the boiler and deposits of silica in 
the turbine remain as the troubles which might drive an operator 
to consider reduction of the silica content of his boiler feed- 
water. 

Along with the possibility of silica removal in primary treat- 
ment, the operator will want to keep in mind the concept that the 
complex silicate scales are products of mechanical as well as 
chemical factors, developing only where the normal silica content 
of the boiler water is multiplied many times by localized evapora- 
tion to an exceptionally high degree. In many cases, indeed, 
excessive evaporation is indicated by the presence of relatively 
soluble salts, such as sodium sulphate and sodium phosphate, 
trapped in the deposits of sodium-aluminum silicate. While the 
solubility studies of Straub!! indicate that this scale might be 
produced at a concentration of 120 ppm of SiO:, it must not be 
forgotten that his solutions at the same time contained much more 
alumina than would be present in any boiler water derived from 
properly treated feedwater. With the low concentrations of 
alumina in the boiler water corresponding to good practice, much 
more than 120 ppm of silica would probably be required to start 
the deposition of sodium-aluminum-silicate scale. 

But why belabor the point that most boiler waters can deposit 
sodium-aluminum-silicate scale only when concentrated locally in 
regions of very high heat input or limited circulation? The 
operator confronted with the current necessity of getting more 
and more steam from his existing equipment may well ask, ‘“‘so 
what?” He cannot wait for new boilers to share the load or for 
his old boilers to be remodeled. While these solutions might 
ultimately be less expensive, he may be forced to choose between 
increase in blowdown or reduction of silica in feedwater to mini- 
mize his difficulties. 

That he will only minimize rather than eliminate trouble is a 
pessimistic prophecy, but one that the writers feel is fully justi- 
fied. Sodium-aluminum silicate or sodium-iron silicate is essen- 
tially a symptom of a condition. Chemical treatment directed 
at the symptom will not make the “hot spots” in a boiler any less 
hot or move more water where it is needed to prevent failure of 
tubes due to continuous steam blanketing or to repeated over- 
heating and quenching.'? On the other hand, proper mechanical 
treatment of the fundamental source of trouble will eliminate the 


symptom. 
Silica deposits on turbine blades seem a strong argument for 


1 “‘Analcite: Preparation and Solubility Between 182° and 282° 
C,” by F. G. Straub, Industrial and Engineering Chemistry, vol. 28, 
1936, pp. 113-114; correction, p. 361. 

12 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing,” by E. P. Partridge and R. E. Hall. 
Trans. A.S.M.E., vol. 61, 1939, pp. 597-622; discussion, vol. 62, 
1940, pp. 711-717. 
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keeping silica in the boiler water at a low value. Whether silica is 
carried over physically to the turbine in droplets of boiler water, 
suspended in the steam and concentrated to a high degree on 
passing through the superheater, or whether it is transported in 
the vapor phase, as suggested by the experiments of Grieg,’ 
decreasing the concentration of silica in the boiler water should 
decrease the rate at which deposits accumulate on the turbine 
blades. Other approaches to the problem may be the reduction 
of carbon dioxide in the steam, or even the apparently crazy ex- 
pedient of allowing controlled carry-over. Although the evidence 
is by no means complete, experience in a number of plants sug- 
gests that hard deposits of insoluble silica develop when the 
steam condenses to give an acid solution, as would be the case 
when the concentration of carbon dioxide was large relative to the 
carry-over of alkali from the boiler water. When this relation is 
reversed, any deposits formed are water-soluble and can be re- 

18 ‘Notes on the Volatile Transport of Silica,’’ by J. W. Greig, 


H. E. Merwin, and E. 8. Shepherd, American Journal of Science, vol. 
25, 1933, pp. 61-73. 
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moved readily by systematic washing at prearranged intervals. 
While this may seem like compromise with, rather than conquest 
of a difficulty, the long-range economic balance sometimes favors 
compromise. 

Processes and equipment for the removal of silica from boiler 
feedwater have the center of the stage today. Their relative 
merits should be, and undoubtedly will be, debated widely during 
the next few years. Lest this debate lead to uncritical acceptance 
of silica removal for its own sake, the specific objective in each 
individual case should be clearly defined. Is the problem cal- 
cium-silicate scale, or is it silica on the turbine blades? How 
much will it cost to get the silica in the feedwater down to 5 ppm 
or 2 ppm, in comparison with the cost of increased blowdown, and 
how much will maintenance costs and outage be reduced? These 
are some of the questions which must be asked and answered. In 
the meantime, we need more knowledge all along the line, know]- 
edge which might well be secured by a cooperative effort through 
the Joint Research Committee on Boiler Feedwater Studies, as 
suggested by the author. 
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The Flexible-Sleeve Multiple-Oil-Film 
Radial Bearing 


By GUSTAVE FAST,' ANNAPOLIS, MD. 


Prof. Osborne Reynolds’ theoretical analysis of Beau- 
champ Tower’s researches on journal bearings proved the 
necessity for a convergent wedge-shaped oil film between 
journal and bearing surfaces in order to create useful load- 
carrying pressures in the oil film. Michell and Kingsbury 
working independently applied Reynolds’ theory to the 
development, notably of thrust bearings, and incidentally 
of radial bearings, with surfaces divided into tilting pads 
which created a multiplicity of convergent oil films in- 
stead of the single convergent film naturally present in an 
ordinary plair journal bearing. Later Wallgren brought 
out another form of pivoted-pad radial bearing, in which 
the pads rotate with the shaft. The multiple-oil-film 
radial bearing discussed in this paper accomplishes the 
foregoing without recourse to the use of pivoted shoes or 
pads. The flexing of the continuous block-sleeve-bearing 
member under load provides a multiplicity of wedge- 
shaped oil-film boundaries which create shearing stresses 
in the circulating oil and produce useful load-carrying 
pressures in the oil films. Careful tests have been con- 
ducted on the multiple-oil-film radial bearing under dif- 
ferent conditions of speed, load, and oil viscosity, in order 
to determine its operating characteristics. The paper 
summarizes and discusses these test data. 


BRIEF analysis of the history of bearings would seem to 

be a logical introduction to an exposition of the multiple- 

oil-film radial bearing, which is the most recent bearing 
development. Osborne Reynolds’ theoretical analysis in 1886 of 
Beauchamp Tower’s researches on journal bearings (1)? proved 
beyond doubt that a convergent wedge-shaped oil film between 
the journal and the bearing surfaces was necessary to create 
shearing stresses in the viscous lubricant which result in useful 
load-carrying pressures in the oil film. 

Any full journal bearing must obviously have some clearance 
and the resultant eccentric displacement of the journal under 
load automatically creates convergent oil-film boundaries (4, 10, 
11). Thrust bearings, however, present a much more difficult 
problem. They transmit their load between two flat parallel 
rigid members, and much grief is experienced with such bearings 
because of the impossible task of establishing wedge-shaped oil 
films between their coacting surfaces. 

About 20 years elapsed after Reynolds advanced his classical 
hydrodynamic theory of lubrication before practical application 
of these principles was attempted. 

Michell (6) and Kingsbury both perceived, independently of 
each other, the inherent differences in geometrical relationship 
between the coacting surfaces of journal and thrust bearings, and 
devoted their respective efforts toward a rational solution by ap- 


' President of The Fast Bearing Company. Fellow A.S.M.E. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Tom American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


plying Reynolds’ theory to thrust bearings. By dividing the 
bearing surface into tilting pads, they succeeded in establishing 
multiple convergent wedge-shaped oil films between thrust- 
bearing surfaces, in contrast to the single convergent film natu- 
rally present in the plain journal bearing with clearance. 

Early journal-bearing designs were noted for their great length- 
to-diameter or L/D ratio which was sometimes as high as 6 or 8. 
They were little affected by side leakage but suffered much from 
shaft deflection, which necessitated a low unit pressure with 
consequent great film thickness to accommodate the bent jour- 
nal. As time went on, the bearings were shortened until today 
the conventional design shows an L/D ratio ranging from 1 to 
1.5 with no serious increase in side leakage resulting from the re- 
duction. The earlier long bearings were limited to very low unit 
bearing pressures of the order of 25 to 50 psi, whereas, the present- 
day short bearings usually sustain pressures of 100 to 200 psi. 


PROBLEM OF SHAFT DEFLECTION 


Shaft deflection is unavoidable and becomes a serious matter 
in heavily loaded bearings, due to concentration of the load at 
the bearing edges. Self-alignment of the bearings, although 
highly desirable if not absolutely necessary, does not entirely 
compensate for shaft deflection, as the shaft is actually bent to a 
definite radius of curvature, depending upon the bendirig moment, 
the geometrical form, and the elastic properties of the shaft. 

There are really only two ways in which to limit the harmful 
effect of shaft deflection , 

1 By making the shaft heavier and consequently stiffer. 

2 By making the bearing shorter. 

The first method calls for a more expensive shaft, besides 
greater frictional losses in the bearing. The second method has 
its limitation in the ordinary journal bearing. With an L/D 
ratio much below 1, there is serious side leakage and excessive 
friction coupled with low carrying capacity. This has been thor- 
oughly demonstrated by McKee and McKee (3). 

The object of making a very short bearing is therefore not so 
much the saving in space as the limiting of shaft deflection within 
the compass of the bearing. When we consider that most bear- 
ings operate with a film thickness of the order of 0.001 in. or less 
the importance of keeping the journal deflections to a still lesser 
order of magnitude will be readily appreciated. By minimizing 
the effect of shaft deflection through the use of a very narrow 
bearing, considerably higher unit pressures can be used with a 
corresponding reduction in frictional losses if the side leakage is 
no greater than in normally proportioned bearings. 

It was with this criterion in mind that the development of the 
multiple-oil-film radial bearing was undertaken. 


Deraits oF BEARING 


Several types have been developed and thoroughly tested and 
a great deal of useful data have been collected. The final form 
which is now in commercial production is shown in Figs. 1 and 2. 
The bearing normally consists of but three parts as a complete 
unit, but may also be furnished in only two parts for bearing di- 
rectly on the journal portion of a shaft. 

A is a hardened, ground, and lapped journal hub, mounted di- 
rectly on the shaft with a shrink fit. B is a flexible continuous 
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block sleeve of polygonal shape with spherical abutments mounted 
in C, a keeper sleeve having an internal spherical surface to pro- 
vide self-alignment for sleeve B. The bearing sleeve B is made of 
steel and lined with a plastic metal applied by the centrifugal 
casting method. The nature of this plastic metal can be varied 
to suit any special application, but a high-tin-base babbitt is 
generally employed. The bearing surface is finished by a diamond 
tool in a precision boring machine. Transverse oil grooves d 
divide the bearing surface into a number of blocks, deflected by 
the oil-film pressure to form wedge-shaped films. The grooves 
d communicate at each side of the bearing with circumferential 
oil-distribution grooves e. The oil supply is drawn up through 
holes f in sleeve B by the viscous pump action of the rotating 
journal hub. An abundance of oil is thus circulated, assuring an 
ample supply for any speed requirement without excessive splash- 
ing or churning of the lubricant. Because of this lubrication ar- 
rangement, a radial load may be taken in any direction with equal 
efficiency. 

The L/D ratio of these bearings may be taken as 0.25 for an 
approximate value. Due to the shortness of the bearing, there is 
very little deflection across the journal surface. Consequently, 
high unit pressures may be carried with safety. 

In so far as affecting side leakage, friction, or load capacity, 
the L/D ratio is not the decisive factor when dealing with multi- 
ple-cil-film radial bearings. In these bearings, each block should 
be considered as an individual bearing whose circumferential 
length-to-width ratio should have a suitable value for the control 
of side leakage. 

It is obvious, from the nature of bearing sleeve B, that each 
loaded block cannot have a continuous convergent film for its 
entire length, although such a condition would be highly desirable 
from a theoretical point of view. Instead, the loaded blocks 
have a convergent and a divergent portion of film space, each 
portion being approximately one half of the geometrical length of 
the block. 

The effective length of the wedge-shaped oil film is approxi- 
mately 65 per cent of the geometrical length of the block. 


If l = effective film length 
w block width 
then I/w = 0.6 to 1 (according to the design) 


As has been clearly demonstrated by Needs (5), the smaller 
this ratio is made the less is the effect of side leakage. 
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In order to utilize the entire geometrical length of each block 
for a pressure producing convergent film, it is necessary to use 
loose blocks pivotally mounted. This leads to a complicated 
design that is hardly practical from a commercial point of view. 
The number of blocks would have to be greater than in the form 
of bearing shown, in order to maintain a desirable l/w ratio. One 
particularly serious problem incident to the use of loose blocks is 
that of providing a supporting pivot or fulerum which will not 
break down under the enormous loads that the oil film itself is 
able to sustain. The real limitation to the load-carrying capacity 
of all bearings of this type is not the carrying capacity of the oil 
film, but the pivotal support of the block members as pointed 
out by Michell (13, 17). 


Tests ConpucTED TO DETERMINE PERFORMANCE Laws 


In order to determine the performance laws of the multiple- 
oil-film radial bearing, a series of tests under varying conditions 
of speed, load, and oil viscosity was conducted, and the results 
so obtained are herein reported and briefly discussed. 

These tests were carried out on a ball-bearing testing machine, 
using four multiple-oil-film bearings, shown in Figs. 1 and 2. 
The arrangement of the four bearings in this machine is shown in 
Fig. 3. 

The two outer bearings were loaded upward and the two inner 
ones were loaded downward. A small quantity of oil was cir- 
culated at the higher speeds for cooling purposes, but the supply 
was erratic and therefore the oil temperature varied greatly 
from time to time. Five speeds were used during this test, 
namely, 900, 1200, 1800, 3000, and 3600 rpm. 

The friction torque was measured by the usual dynamometer- 
type electric motor, equipped with a scale beam and weights. 
The duration of the test for each speed was 31 days continuous 
run (744 hrs). The total length of time for the entire series of 
tests therefore was 3720 hr. The time allowed between each 
increment in load until the maximum for a given speed was 
reached was about 4 hr. The load was then maintained at this 
maximum for the remainder of the test. The maximum load for 
each speed was fixed arbitrarily at a value much in excess of that 
which might be expected in actual normal practice for that speed. 
Preceding the test, all the bearing parts were measured by a Zeiss 
optical micrometer to 5 decimal places of an inch in an air-condi- 
tioned room at constant temperature. After the completion of 
the test the same procedure was duplicated. 
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Fic. 3. ARRANGEMENT OF Four BEARINGS IN BALL-BEARING TESTING MACHINE 


The result of this search for signs of wear disclosed the fact 
that no wear was detectable within the limit of sensitiveness of 
the micrometer which was 0.00001 in. 

Two grades of straight mineral oils were used, namely, No. 2110 
for the speeds of 900, 1200, and 1800 rpm; No. 2075 for the speeds 
of 3000 and 3600 rpm. 

The No. 2110 oil had the following characteristics 


Viscosity S.U. at 100 F = 180 See 
Viscosity S.U. at 130 F = 97 Sec 
Viscosity S.U. at 210 F = 45 Sec 
Specific gravity = 0.87 


The No. 2075 oil had the following characteristics 


Viscosity 8.U. at 100 F = 150 Sec 
Viscosity S.U. at 130 F = 84 Sec 
Viscosity S.U. at 210 F = 42 Sec 
Specific gravity = 0.899 


The important bearing dimensions pertinent to this investiga- 
tion were as follows 


Diameter of bearing = 4.28755 in. 
Diameter of journal = 4.27960 in. 
Bearing clearance = 0.00795 in. 
Clearance ratio = 0.00185 in. 
Length of bearing = 1.2 in. 


Tables 1 to 5 give the log of the various tests. 


The following nomenclature is used in the ensuing discussion 
of test data 


L= 
D= 
D' = 
C= 
l= 
w= 
P= 
N= 
Z= 
n= 


NOMENCLATURE 


length of bearing along axis of rotation, in. 
journal diameter, in. 

bearing bore, in. 

bearing clearance = (D’ — D) 

effective oil-film length in direction of motion 
width of block = L 

unit bearing pressure on projected area (D X L), psi 
coefficient of friction 

speed, rpm 

absolute viscosity, centipoises 

number of blocks 


All of the test results of 1 ~ P at various speeds were plotted, 
as shown in Fig. 4. 

Next all the values of » were plotted as ordinates against 
abscissas representing ZN /P as shown in Fig. 5. 

The curve shown in Fig. 4 represents a graph of the equation 


which represents fairly well the average empirical relationship be- 
tween » and P without taking viscosity and speed into considera- 
tion. This is not incompatible with theory, as Z decreases with 
an increase in N, making the product of (Z X N) almost a con- 
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TABLES 1 TO 5 LOG OF TESTS ON MULTIPLE-OIL-FILM RADIAL BEARINGS 
(The values given for total load and friction torque apply to one test bearing only having a diameter of 4.2796 in. and a length of 1.2 in.) 


Tasie No. | - QOO RPM. 


Tora 
in Pounos 


LOAD PER 
SQuARE IncH oF 
PROJECTED ARTA 


friction ACTUAL 
COEFFICIENT OF 
FRICTION 


w 


Ou TEMP 
Rist asove 
Ameitnr - °F 


MEAN On ABSOLUTE VISCOSITY] 
Fite CENT POISES AT 
T 
> 


7000 -00535 


32 127 18.27 


2000 -003737 


4/ /30 ‘7-4 


3000 .002705 


47 14/ 13.92 


4000 002208 


147 12-62 


5000 -00/900 


6000 001697 


455 10:96 


7000 -00/588 


154 1-05 


8000 00/460 


462 


9000 00/392 


167 


Tasie No. 2 -/200 RPM 


11.67 00545 


19.75 00368 


1225 002686 


18.625 .002/76 


19.875 


el 0016496 


229 -00/528 


Tasce No.3 - /800 RPM. 


12.00 005600 


4.625 OO 34/5 


146.95 002640 


(2875, -002087 


1Q65 00/835 


/06 


Tasie No.4 - 3000 RPM. 


845 -0079 


94 


.00692 


87 


45 00537 


40/ 


125 00966 


104 


43.5 0042 


/08 


/4 00373 


114 


/4.06 00343 


/£8 


00308 


/32 


Taste No 5- 3600 RPM. 


BI25 OO 852 


1Q375 .00646 


14800 OO552 


12.250 00958 


14,000 OOFIE 


stant within certain limits. The formula must be considered how- 
ever as purely empirical. 

According to McKee (3), in an ordinary journal bearing of 
certain fixed dimensions and clearance ratio 


(28 


It is well known that, in the ordinary journal bearing, the clear- 
ance ratio greatly affects the coefficient of friction as well as the 
load-carrying capacity. A small clearance ratio means high load- 
carrying capacity with a high coefficient of friction and vice versa. 
For this reason, heavily loaded, slow- or moderate-speed journal 
bearings have a clearance ratio of 0.001 or less and lightly loaded 
high-speed bearings a clearance ratio of 0.002 or more. 

In view of the test results, the coefficient of friction for the 


N z 
multiple-oil-film radial bearing can be written = (7) 
This results in the equation 


= 567(10~) 


which fits all the test results within the limits of reasonable errors 
of observation. The graph of Equation [3] is shown in Fig. 5. 
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It is unlike in form the equation for the coefficient of friction 
in ordinary journal bearings, according to McKee and McKee 
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where 


It is, however, similar in form to the generally accepted equation 
for the coefficient of friction of tilting-block thrust bearings which 


is (7) 


where n = number of blocks. 
The usual thrust bearing has six blocks, as has also the test 
bearing under consideration. If we insert this value in Equation 


[5], we have 
ZN 


This shows that the conventional type of ¢ilting-block thrust 
bearing has about 34 per cent less frictional loss than the multi- 
ple-oil-film radial bearing, a comparison which is not unreason- 
able to expect. In a six-block thrust bearing, all blocks are ef- 
fective as load-carrying members, whereas, in the multiple-oil- 
film radial bearing only two blocks out of six carry the load. The 
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other four blocks serve no useful purpose for a unidirectional 
load but, on the contrary, act as brakes due to their hydraulic 
drag. This is also true in the ordinary journal bearing where the 
pressure producing oil-film length occupies only an are of from 90 
to 120 deg. 

The clearance ratio does not affect the frictional losses in 
multiple-oil-film radial bearings to the extent that it does in the 
ordinary journal bearing. Clearance ratios, corresponding to 
usual practice with ordinary journal bearings for different appli- 
cations and speeds, were first used. Ratios of from 0.0005 to 
0.002 had apparently little or no effect on frictional losses, but 
lately further experiments with larger clearance ratios indicate a 
critical point where the friction becomes a minimum, after which 
it increases again to values almost corresponding to clearance 
ratios of 0.002 or less. This critical zone seems to have clear- 
ance ratios around 0.003. Tests show a reduction of friction of 
about 20 per cent. 

In examining the coefficient of friction, shown in Fig. 5, it is 
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Fic. 6 Comparison BETWEEN Power Lossgs IN MULTIPLE-OIL- 
Fitm Raptat BEARING AND JOURNAL BEARING OF CORRESPONDING 
Size 


Specifications 


Ordinary journal Multiple-oil-film Turbomachinery 
earing bearing bearings 
D = 4.2796 in. D = 4.2796 in. D = 4.2796 in. 
L = 4,2796 in. L = 1.2 in. L = 4.2796 in. 
L/D =1 L/D = 0.28 L/D =1 
C/D = 0.002 C/D = 0.00185 C/D = 0.002 
P = 150 psi P = 536 psi P = 150 psi 
ZN/P = 170 ZN/P = 30 ZN/P = 170 
= 473 X 10-1 (2) + Au = 0.0059 = 567 X 10-* x 
ZN = 0.0031 » = 1268 X 107 (2 + 100) = 0.0034 (Soderberg) 


Au = 0.0018 when 
L/D = 1 (McKee) 


well to bear in mind that these values might be reduced by 20 
per cent through the use of a larger clearance ratio than that used 
in these tests. 


Unit PressurES PERMISSIBLE ON BEARING 


As pointed out earlier in this paper, the development of the 
multiple-oil-film radial bearing was based on the ideal of a bearing 
so short as to be virtually free from alignment errors due to shaft 
deflection within the scope of the bearing and, consequently, 
capable of sustaining much greater unit pressures. The tests 
will speak for themselves as to the extent to which this ideal has 
been attained, but it should be clearly realized that, in order to 
take full advantage of this development, it is essential to utilize 
the high bearing pressures now permissible, together with low 
but conservative values of ZN/P. It is suggested that for bear- 
ings starting under full load, unit pressures should range from 400 
to 500 psi, and for bearings that do not receive their maximum 
loading until rotation has started, pressures of the order of 1000 
psi may be safely used. 

For special applications, such as rolling-mill roll-neck bearings, 
bearing pressures as high as 5000 psi may be used. The values 
of ZN/P should preferably not exceed 50, whereas tests have 
been run with values as low as 2. 

If these recommendations are followed, it is possible to effect 
a substantial decrease in the power losses of radial bearings. 
Fig. 6 shows a comparison between the power losses in the multi- 
ple-oil-film radial bearing and an ordinary journal bearing of 
corresponding size, having a coefficient of friction according to 
McKee and McKee and a similar one according to turbine prac- 
tice as reported by Soderberg (7). 

The coefficient of friction as reported by Soderberg is very low 


= 1268(10-*)(ZN/P + 100)............. [8] 


From Equation [8], the power loss is 


D*L 100 
Kw = 0.075Z (2%) (: + [9] 
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The power loss in the multiple-oil-film radial bearing is 
Kw = 


It is obvious that the reason for the substantial power saving 
with the multiple-oil-film radial bearing is the small ZN/P 
selected, as compared with the corresponding values commonly 
used for the ordinary journal bearing. 

Since the multiple-oil-film radial bearing usually has a slightly 
greater journal diameter for a given shaft size than that of ar 
ordinary plain bearing, using the shaft itself as its journal, it 
might be assumed on first thought that the plain bearing should 
show an inherently lower power loss. The relative lengths of the 
two types of bearings must also be taken into consideration how- 
ever. 

Once the coefficient of friction has been determined for a cer- 
tain type of bearing, the only physical dimensions that will affect 
the power loss are D and L. 


If D = journal diameter of a multiple-oil-film bearing 
L = journal length in a multiple-oil-film bearing 
D, = journal diameter in an ordinary bearing 
ZL, = journal length in an ordinary bearing 


then if (D? x L) = (D,? X I), the power loss is the same as far 
as the physical dimensions are concerned. 


If 
L = 0.25D 
and 


0.25 X = 


and 


D = W/4 xX D, = 1.5874D, 


It is therefore apparent that the journal diameter of a multiple- 
oil-film radial bearing, having the foregoing relationship be- 
tween L and D can be 59 per cent greater than the shaft di- 
ameter and still have no greater power loss than an ordinary 
plain bearing using the shaft as its journal. In actual practice, 
the journal-hub diameter is about 23 per cent greater than the 
shaft bore so that the multiple-oil-film radial bearing shows an 
advantage over the ordinary plain bearing from the standpoint 
of purely physical dimensions. The multiple-oil-film radial bear- 
ing can, of course, as has been previously stated, be mounted 
directly on the shaft, but it is preferable to use a special journal 
member, as ordinary shaft material is not as suitable for a good 
journal surface. 

It is believed that the foregoing presentation indicates a marked 
advance toward the ideal bearing having maximum life and load- 
carrying capacity, together with minimum frictional losses. 
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Discussion 


E. B. Ercuetis.* The author’s explanation of the 20 per 
cent increase in friction coefficient of the multiple-oil-film bearing 
over the conventional six-block thrust bearing is interesting. The 
statement of the braking action of the unloaded shoes can be 
confirmed by some of our experiments, in which we found as much 
as 20 per cent of the loss in a unidirectional loaded plain bearing 
to be due to an excess supply of oil. 

However, our calculations on the two types of bearings, under 
the same conditions, show the multiple-film bearing to have an 
increased friction coefficient of 92 per cent over the six-block 
thrust bearing, instead of 20 per cent. The increase in power loss 
is 124 per cent. The differential of friction coefficient and power- 
loss increase, when the total load is the same on both bearing 
types, may be explained by the angularity of the two shoes in 
respect to the vertically imposed load. The braking action of the 
unloaded shoes is not included. The method employed in con- 
nection with the multiple-oil-film bearing investigation checked 
the curve of Fig. 6 of the paper very well, using the physical data 
of Tables 1, 2, 3, 4, and 5, and the bearing specifications in con- 
nection with Fig. 6. The method used for the six-block thrust 
bearing was that as presented by Howarth.‘ 

The author shows that the multiple-oil-film bearing may have 
a 59 per cent greater diameter than an ordinary plain bearing 
with the same power loss. The basis of this is the assumption 
that, if the coefficient of friction remains constant in both bear- 
ing types, the power-loss differential is due to a change in diame- 
ter and length. This is odd, in view of Needs’s work on optimum 
120-deg bearings.’ This study shows how the l/w ratio may be 
varied as much as 130 per cent with only a 6.5 per cent change in 
friction coefficient. The author’s analogy attributes to the or- 
dinary bearing, a disadvantage which does not appear to be en- 
tirely substantiated by prior bearing studies. 


3 Assistant Head, Mechanical Engineering Department, Research 
Laboratories Division, General Motors Corporation, Detroit, Mich. 

4 “The Loading and Friction of Thrust and Journal Bearings With 
Perfect Lubrication,’ by H. A. 8S. Howarth, Trans. A.S.M.E., vol. 
57, 1935, pp. 177-178. 

& “Effects of Side Leakage in 120-Degree Centrally Supported 
Journal Bearings,’ by 8S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, 
pp. 721-732. 
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R. A. Baupry.* The flexible-sleeve bearing developed by the 
author is a very ingenious application of the hydrodynamic 
theory of lubrication, and of the modern manufacturing methods 
which have already made possible the high unit pressure, low 
friction, flood-lubricated sleeve-type, roll-neck bearing. 

For more than 10 years the Westinghouse Electric & Manu- 
facturing Company has used very successfully, on its large um- 
brella-type vertical waterwheel generators, a narrow large-di- 
ameter guide bearing made of pivoted pads.? This pivoted-pad 
or shoe-type guide bearing is usually placed at the periphery of 
the runner of a Kingsbury bearing and run in the same oil bath. 
This guide bearing, having a width of 3 to 8 in. and a diameter of 
30 to more than 100 in., has replaced guide bearings of smaller 
diameter and much larger area placed on the shaft. However, 
on extremely high-speed machines, guide bearings of the latter 
type are still used because of their lower friction losses, due to 
their smaller diameter. 

In recent years the Westinghouse Electric & Manufacturing 
Company has also been experimenting with pivoted-pad journal 
bearings. Some have already been used on machines where the 
load can act in any radial direction and they have proved very 
successful at very high unit loading. 

The flexible-sleeve multiple-oil-film radial bearing should be 
applied very successfully where a large load has to be carried in a 
very limited space. However, its use will probably be limited 
to small sizes, for in large sizes it is believed that the pivoted-pad 
bearing is more efficient, easier to adjust, and cheaper to build 
than the flexible-sleeve bearing. 

Because of the complexity of the problem involved, bearings 
of different types can be compared only if they are tested under 
absolutely identical conditions. The average temperature of the 
oil film, which should preferably be used to determine the vis- 
cosity of the oil in the factor ZN/p, is very difficult to measure or 
evaluate. Usually the temperature in the bearing, which is be- 
lieved to be the nearest to the average temperature, is used. In 
the references cited by the author, McKee and McKee use the 
temperature near the babbitt under the load, and Soderberg 
uses the temperature of the oil at the outlet of the bearing which 
is kept below 140 F. 

It would be very interesting to know how the author deter- 
mined the mean oil-film temperature in the test log of his paper. 
Some of the temperatures recorded in that test log seem to be 
somewhat higher than values accepted in practice. When oper- 
ating at a lower temperature, the friction losses of the multiple- 
oil-film bearing will of course increase. 

According to the experience of the Westinghouse Electric & 
Manufacturing Company, friction losses increase with the di- 
ameter of a bearing, even if allowance is made for the increase in 
bearing pressure. This is shown in Table 6 of this discussion, 


TABLE6 RESULTS OF TESTS ON VARIOUS BEARING TYPES BY 
WESTINGHOUSE ELECTRIC & MANUFACTURING COMPANY 
Unit Friction, 
pres- 900 Losses kw 
Diam, Length sure, rpm, 3000 rpm, 
Type of bearing L/D in. in. psi Zz 


Pivoted-pad bearing Ht ihe 2.4 3.6 300 


Turbomachinery® 1.5/1 3.38 5.06 150 0.168 0.7 
0.194 0.61(Z 


Multiple-oil-film 1/3.5 4.287 1.2 500 
Turbomachinery® 1/1 4.13 4.13 150 0.204 0.85 


* Mechanical Engineer, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. Mem. A.S.M.E. 

™“Shoe-Type Guide Bearings for Hydro-Generators,” by R. 
Baudry, Power, vol. 79, 1935, p. 541. 

_' “Journal Bearing Performance,” by R. Baudry and L. M. Tich- 
ae Journal of Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, 
p. A-121. 

* “Tests of a7 X 10!/3-In. Bearing at 3600 Rpm,” by L. M. Tichvin- 
sky, Trans. A.S.M.E., vol. 60, 1938, pp. 393-397. 


where the friction losses in different types of bearings used by the 
company are compared with the loss of a multiple-oil-film bear- 
ing. All these bearings carry the same load of 2500 Ib. 

On many types of machines having to start under full load, it 
is also very important to keep the diameter of the bearing to a 
minimum in order to limit the starting torque. 

The Westinghouse Electric & Manufacturing Company is 
length 
diameter 
of its large rotating equipment. This bearing appears to be the 
best compromise from the standpoint of low starting torque, low 
friction losses, liberal oil-film thickness, and low manufacturing 

costs. 


using journal bearings having a ratio ( = 2 on most 


W. F. Opernuser.'’® As a user of the author’s bearing, the 
writer can report very satisfactory results. We have had some 
failures but in most cases they could not be attributed to the 
bearing itself, but rather to circumstances surrounding the in- 
stallation. 

Today, we have six bearings of this type in operation, the 
original installation having been in service approximately 3 
years. These bearings, because of their size (diameter and 
length), can be mounted as replacements of ball bearings, or in 
any place where a limited-life bearing is used, with satisfactory 
results. However, it should be remembered that these bearings 
must be mounted where it is possible to remove the runner from 
the shaft in case of failure. It must also be remembered that 
unless the bearing is made with the shells split, B and C, Fig. 2 
of the paper, as has been done on our bearings, experimentally 
this bearing cannot be used in a practical way on some mount- 
ings since it is not always practical to remove the rotor to re- 
place bearings. It is the writer’s experience that, even with the 
split shell, it would be questionable whether the runner A, Fig. 2, 
would be in a condition for replacement of the split bearing. 
Since our original installation, we have changed to the solid type, 
as shown by the author, with excellent results. This bearing is a 
very timely development and very practical when used where 
limited-life bearings have not the endurance and life expectancy 
desired. 


A.G.M. Micuetu.'!! This paper is welcome as bringing before 
American engineers the economy of space and reduction of fric- 
tional losses which can be effected by the use of segmental journal 
bearings. As the author points out, the condition essential for 
attaining these results is the adoption of intensities of loading 
much higher than those sanctioned by earlier practice, and in 
order that this may be practicable it is necessary that the axial 
length of the bearing surfaces shall be relatively small and that 
the accuracy of finish of the bearing surfaces shall be of a high 
order. 

Hitherto the development of segmental, or multiple-film, 
journal bearings complying with these conditions has been almost 
entirely confined to Europe. Besides the Michell journal bearing 
dating from 1911, and the “Nomy”’ bearing, mentioned by the 
author, reference may be made to Table 7 which presents in 
skeleton form a history of the development of multiple-film 
journal bearings of all the three known types, viz., pivoted, 
flexible, and floating. In the last-named type the pads auto- 
matically form wedge-shaped lubricating films on both their inner 
and outer faces, and the series of multiple pads rotates as a whole 
relatively both to the journal and to the stationary member of 
the bearing. 

Recent developments in America, which up to the present ap- 


10 Superintendent, Operating Maintenance, Philadelphia Electric 
Company, Philadelphia, Pa. Mem. A.S.M.E. 
11 Melbourne, Australia. 
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TABLE 7 
Pivoted journal bearings 
Name Country Patent no. Date 
eee Gt. Britain 23496/1911 24/10/11 
8. A. 1,117,505 3/ 3/13 
Brown, Boveri & Co.. Gt. Britain 19801/14 26/ 1/14 
Vickers Ltd.......... Gt. Britain 121422 17/ 4/18 
Haniel & Lueg....... Germany 368608 14/ 3/22 
Ee Gt. Britain 211707 26/ 2/23 
Multiple-pad flexible journal bearings 
Name Country Patent no. Date 
Brown, Boveri & Co.. Germany 312489 21/ 1/17 
H. G. Reist.......... ustralia 5858/17 5/ 4/17 
U.S. A., Serial No. 159976) 
ustralia 3870/17 5/ 5/17 
Floating-pad journal bearings 
Name Country Patent no. Date 
Bostock & Moore.. Gt. Britain 187,497 2/12/21 
orway 43,243 28/10/25 
U.S. A. 2,076,254 9/ 9/32 
Michell & Seggel... Australia 101,857 10/ 9/36 


Nore: Fora discussion of the advantages and disadvantages of the flexible 
type as compared with the other two types see ‘The Mechanical Properties 
of Fluids,’’ Blackie & Son, Second edition, 1936, p. 155 (First edition, 1923). 

Tests of the Michell form of these bearings are reported by A. Tenot in 
the ‘‘Discussion on Lubrication,” The Institution of Mechanical Engineers, 
London, 1937. 


pear to be of a more or less tentative nature, include the adoption 
of the early Michell pivoted type of journal pad by some of the 
prominent makers of high-speed grinding tools. 

While the author’s graphs of his experimental results show, by 
the close adherence of the individual results to smooth curves, 
convincing evidence of effective film action of some kind, it seems 
doubtful to what extent the performance of the bearings de- 
pended on the elastic deformation of the pads as suggested by the 
author. 

In view of the relatively iarge diametral clearance (8/1000 in. 
for a journal of 4.28 in. diam), it is clear that it was only for a 
very limited arc of the bearing that the oil films could be suf- 
ficiently thin to support loads of the intensities recorded. Within 
this small distance the thickness of the film can only have been 
affected to a relatively small extent by changes of shape of the 
blocks due to their elastic deformation. Such being the case, it 
is not clear that the author’s form of bearing presents any ma- 
terial advantage over a plain cylindrical bearing of similar pro- 
portions and of equal refinement of workmanship. 

The experiments of Stanton!? have shown that cylindrical 
bearings are capable of carrying loads greater than those em- 
ployed in the author’s experiments, and with even lower coef- 
ficients of friction. In Stanton’s experiments the clearance 
ratios were still greater than in the author’s bearing and the arcs 
of effective film action were estimated to extend not more than 10 
degrees on each side of the line of closest approach of journal and 
sleeve. 

Bearings with such large diametrical clearances unavoidably 
allow radial movements of the journal, thus debarring them from 
use in many important applications (machine tools, electric 


motors, high-speed engine crankshafts), for which they might 


otherwise be acceptable. The advantages in this respect of the 
floating-pad type of bearing are discussed in the present writer’s 
paper listed as reference (6) in the bibliography of the author’s 
paper. 

AUTHOR’s CLOSURE 


The author is grateful to have had his paper discussed by such 
eminent authorities. Apparently, lack of clarity at some point 
in the paper has created a certain confusion of thought which he 
will attempt to correct. 

Mr. Etchells’ reference to the author’s alleged statement that 
the multiple-oil-film bearing showed an increase of 20 per cent 


12‘‘Some Recent Researches on Lubrication,” by T. E. Stanton, Pro- 
ceedings of The Institution of Mechanical Engineers, 1922, p. 1117. 
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in the coefficient of friction over the conventional tilting-block 
thrust bearing begs correction. The author stated: ‘The con- 
ventional type of tilting-block thrust bearing has about 34 
per cent less frictional loss than the multiple-oil-film radial 
bearing.” 

Using the same syntax as used by Mr. Etchells, this statement 
would read: ‘The multiple-oil-film bearing showed an increase 
of 52 (not 20) per cent in the coefficient of friction over the six- 
block thrust bearing.” 

The author based his comparison on information of the co- 
efficient of friction of thrust bearings contained in reference (7) 
for the correctness of which he naturally cannot assume responsi- 
bility. It is believed, however, to be entirely reliable as it 
emanates from an excellent and experienced authority. 

In computing the coefficient of friction as well as the power 
loss in a six-block thrust bearing, according to Howarth,‘ is it 
not possible that Mr. Etchells has overlooked the fact that, in a 
double thrust bearing, the inactive end of the bearing exerts a 
considerable hydraulic drag, as does also the cylindrical portion 
of the periphery of the runner and the shaft? These “additional” 
losses are considerable, especially so in high-speed machinery 
with a flooded bearing housing, and reflect themselves in a higher 
coefficient of friction than that computed on purely theoretical 
grounds for a single set of thrust blocks. 

Equation [5] from reference (7) was used by the author not so 
much for bringing out a comparison between the numerical 
values of the coefficients of friction of the two different types of 
bearings as for its general mathematical form showing the 
similarity in characteristic behavior of the multiple-oil-film 
radial bearing to that of the conventional tilting-block thrust 
bearing. 

In commenting on the author’s exposition of power losses in 
bearings having the same coefficient of friction and the same 
pressure intensities but differing in length and diameter, Mr. 
Etchells has apparently confused Needs’s® 1/w ratio with the 
author’s L/D ratio. In Needs’s’ paper, / = actual length of the 
film in the direction of motion, and w is the width of the film 
in a direction transverse thereto. In the author’s paper L = 
the axial length of the bearing = w in Needs’s paper, and D is 
the diameter of the journal. In the multiple-oil-film bearing the 
l/w ratio is maintained constant irrespective of how L/D may 
vary within certain practical limits. In the two bearings being 
compared as an example, it is assumed that the l/w ratio of the 
film or films has approximately the same optimum value. 

Under such conditions, it is obvious that the power losses must 
vary, with close approximation, as the square of the diameter 
and directly as the length. The product of the two represents 
a numerical value of the physical dimensions of the bearing 
to which the power loss is proportional. 

It was far from the author’s intention to discredit the ordinary 
journal bearing, but to show an advance in the art, as represented 
by the multiple-oil-film bearing, described in his paper, based 
on facts substantiated by extensive tests and a great number of 
highly successful installations. 

Mr. Baudry has given a very interesting exposition of the 
bearing practice of The Westinghouse Electric & Manufacturing 
Company. It is only natural that, in such a large concern, 
manufacturing a wide variety of machinery, the bearings are es- 
pecially designed to fit the application. Thus, where a small 
starting torque is paramount to any other consideration, the 
diameter of the journal is made as small as possible. 

As pointed out by Mr. Baudry, bearings of different types can- 
not be compared, unless they are tested under absolutely iden- 
tical conditions. Of the examples shown in his Table 6, the last 
one designated ‘‘Turbomachinery,”® having a diameter of 4.13 
in. and a length of 4.13 in., comes closest in dimensions to the 
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multiple-oil-film bearing under discussion, which has a diameter 
of 4.28 in. ‘This turbomachinery bearing shows a power loss, 
according to Mr. Baudry’s Table 6, of 0.85 kw, as compared to 
0.61 kw for the multiple-oil-film radial bearing under the same 
load of 2500 lb and the same speed of 3000 rpm. This proves a 
somewhat greater saving in power consumption by the multiple- 
oil-film radial bearing than indicated by the graph for turbo- 
machinery bearings in Fig. 6 of the paper. 

The oil-film temperature was determined by means of a 
potentiometer and a copper-constantan thermocouple, placed 
in the center of the transverse oil groove d, immediately following 
a loaded block. The thermocouple was exposed to the oil flowing 
over it from the loaded block. Due to the divergence of the oil- 
film space at the trailing end of the block, oil is pulled in from the 
circumferential grooves e. It is believed that the temperature 
of the mixture fairly well represents the effective mean tempera- 
ture of the pressure film. 

Mr. Oberhuber has given an interesting account of his ex- 
periences with commercial installations of the multiple-oil-film 
radial bearing under discussion, and points out the advantages of 
a split bearing. Whereas it is possible to build split bearings of 
this type, such construction adds greatly to the cost. To meet 
the requirements specified by Mr. Oberhuber, one-half bearing 
sleeve B, which can readily be replaced, may be used for a uni- 
directional load. However, when it is remembered that ball 
and roller bearings are not split and that the life of the multiple- 
oil-film bearing is virtually unlimited, the author is of the opinion 
that, as a standardized product for universal application, it is 
better to retain the construction shown in Figs. 1 and 2. The 
author wishes to express his appreciation to Mr. Oberhuber and 
his company for having been among the first of the public- 
service corporations to give this new bearing development a trial 
on important installations. It is just such an open attitude, by 
large public-service corporations, toward new developments, 
which promotes progress in engineering. 

Mr. Michell, F.R.S., has very kindly furnished Table 7, 
showing the history, in outline form, of the European progress 
in the art of multiple-oil-film bearings of various types. In 
this connection, it may be mentioned that of late years many 
United States patents have been issued on the subject, in- 
dicating a marked interest in and appreciation of the virtues 
possessed by this type of bearing. No doubt we will see great 
developments along these lines in the near future. 

Tests, carried out with sensitive micrometer dial gages, prove 
that elastic deformation takes place, confirming theoretical com- 
putations. If the sleeve B lacks in sufficient flexibility, or if no 
flexibility at all is provided, the bearing will carry only a rela- 
tively small load safely and with greatly increased friction. 

The pressure intensities recorded in the test log are based on 
the projected area of the bearing (D x L), corresponding to an 
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arc of 180 deg, and not an arc limited to the active or pressure- 
producing film length, such as was the case in Sir Thomas Stan- 
ton’s!? experiments. In Stanton’s experiments at the National 
Physical Laboratories, Teddington, England, the clearance 
ratios were purposely made so abnormally large (0.020 and 0.060) 
as to limit the arc of the pressure-producing film length to but a 
few degrees (30 deg and 15 deg, respectively) for the purpose of 
throwing light ‘“‘on the cause of the high efficiency of worm 
gears.”!3 Under such abnormal conditions, one would expect a 
higher pressure intensity to be reached on the active film area 
with a lower coefficient of friction than in a commercially built 
360-deg bearing, designed for actual all-around service. 

However, if we examine the data of the experiments made by 
Stanton, we find that the pressure intensity on the projected area 
(D X L) was only 277 psi, and the pressure intensity on the active 
film area was only 1055 psi for the 30-deg arc, and 2110 psi for 
the 15-deg-arec bearing. Of the four tests reported, only one 
showed a coefficient of friction lower than the author’s test, 
namely, 0.00072 for sperm oil. The other three tests showed 
higher coefficients of friction, namely, 0.0017, 0.0023, and 0.0035. 

In the author’s opinion it was not Dr. Stanton’s intention that 
bearings having such abnormal clearance ratios would have any 
practical use. It is obvious that such bearings would have the 
excessive radial movements, mentioned by Mr. Michell, which 
would render them unfit for the applications cited. 

The highest pressure intensity on the projected area (D X L) 
recorded in the author’s test log (1751 psi) is by no means the 
maximum pressure which this bearing will carry. Numerous 
tests have been made with pressure intensities on the projected 
area (D X L) of more than twice this amount, and a somewhat 
lower coefficient of friction. The lowest ZN /P in the test log is 
4.65, and tests have been run with less than one half this value. 

The clearance ratio of 0.00185, used in the author’s test 
bearings, is quite normal for average conditions in a general 
power-transmission bearing. For special applications mentioned 
by Mr. Michell, this would be modified to suit the occasion. The 
use of an extremely small clearance is fraught with danger of 
seizure during the starting-up period, due to the temperature 
gradient between the journal and the bearing sleeve with its 
surrounding housing, and especially so if the housing is of rather 
substantial construction. Clearance ratios less than 0.0005 are 
not considered safe from an operating point of view unless forced 
oil circulation for cooling purposes is employed to limit this 
temperature gradient to but a few degrees. 

The multiple-oil-film bearing units under discussion have 
been so designed and rated commercially that, without artificial 
cooling, and depending only upon natural convection, the maxi- 
mum temperature rise will not exceed 40 F above the ambient. 


13 “Friction,” by T. E. Stanton, Longmans, Green & Company, 
New York, N. Y., 1923, pp. 101-110. 
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Progress Report on Tubular Creep Tests 


By F. H. NORTON,’ CAMBRIDGE, MASS. 


This paper is a progress report describing the results 
which have been obtained on the creep of tubular speci- 
mens. The first part of this work was described in a previ- 
ous paper.’ In this investigation similar apparatus and 
similar specimens are employed, but an attempt is made 
to correlate the stress between the tensile specimens and 
the tubular specimens more accurately. Also, tubes with 
thinner walls have been used. The results obtained to 
date indicate that the longitudinal creep of the tubes is 
substantially zero, and that the circumferential creep 
is approximately the same as the creep in the tensile speci- 
men with a stress equivalent to the circumferential stress 
in the tube. In a companion paper,’ Professor Soderberg 
derives the relations in two-dimensional creep, and applies 
them to the experimental values. 


HE data presented in this paper are of the nature of a prog- 

ress report, concerning the results obtained on tubular 

specimens tested under internal pressure for circumferential 
and longitudinal creep. This work follows closely a previous 
investigation’ and is intended to complete the data given there. 
The apparatus and the method of testing are exactly the same as 
previously described.* 

SPECIMENS 


Seven tubular specimens were made up for this test by The 
Babcock and Wilcox Company, consisting of tubes 4 in. outside 
diam, with either a */s-in. or a '/s-in. wall, having hemispherical 
ends welded in place. The specimens themselves were of the 
same carbon-molybdenum steel previously reported, and, in 
fact, were made from the same stock. 

In Table 1 is given the schedule of the seven tests proposed 


TABLE 1 SCHEDULE OF TESTS 
Tubular specimens 


Circum- 
-—Tensile coupons— Internal ferential 
Creep rate Wall pres- creep rate 
Test Loading T.S., per thick- sure in es of tube, 
temp, of T.S., cent per ness of tube, PR* per cent per 
F psi 100,000 hr_ tube, in. psi t 100,000 hr 
3000 1/5 Not started 
8 
1050 5000 1.2 . 2 ow running 


* Based on mean radius. 


for the tubular specimens, together with the four equivalent tests 
on the tensile specimens. Four of the seven tests have been 
practically completed, the fifth one has been running a short 
time, and the sixth and seventh have not yet been started. 


REsvutts ON TENSILE Test SPECIMENS 
These specimens, cut from the */,-in. wall of the tubular stock 


' Massachusetts Institute of Technology. 

*“Creep in Tubular Pressure Vessels,’’ by F. H. Norton, Trans. 
A.S.M.E., vol. 61, no. 3, 1939, pp. 239-245. 

* “Interpretation of Creep Tests on Tubes,” by C. R. Soderberg, 
Trans. A.S.M.E., vol. 63, 1941, pp. 737-740. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tam AMERICAN 
SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


before it was turned and bored, were run on regular tensile-creep 
apparatus, using a 10-in. gage length. The rate of creep of these 
specimens under specified conditions is shown in Figs. 1 to 4, in- 
clusive. It will be noted that the tests have run for a period of 
around 7000 hr and that the original curve, wherein daily read- 
ings are carefully plotted, is sufficiently close to a straight line to 
insure that a stable condition has been reached. 


CREEP OF TUBULAR TEST SPECIMENS 


The creep of these specimens is shown in Figs. 5 to 8, inclusive. 
In all cases, the longitudinal creep is substantially zero, while 
the circumferential creep is definite. It should be noted that 
the specimen at 1050 F and 1911 Ib internal pressure developed 
a leak and had to be shut off at 2200 hr. The specimen at 900 F 
and 4780 lb internal pressure had to be shut off for the same 
reason at 2700 hr. A discussion of the cause of these leaks will 
be described later in this paper, because they seem of consider- 
able practical interest in the design of tubular pressure vessels. 


FAILURE OF HEMISPHERICAL ENDS 


The hemispherical ends, as in previous tubular specimens, were 
designed to give the same dilation on the basis of elastic formula 
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as the cylinder and were, therefore, one half of the thickness of the 
tubular section. The thickness of the hemispherical ends at 
the time of failure was 0.14 in. on the specimen at 1050 F, in com- 
parison with a thickness of 0.375 in. for the tubular section. The 
stress, therefore, in two directions on the hemispherical ends at fail- 
ure was approximately 12,400 psi from calculations by Professor 
Soderberg. The 900 F specimen had an end thickness of 0.165 
in. at failure, which, in the same way, gives a stress of 26,300 psi. 

While temperature measurements were not made on the hemi- 
spherical ends during the first test, measurements made since 
show that the hemispherical heads may be from 5 to 15 deg higher 
than the temperature of the cylinders themselves. This higher 
temperature might result in approximately double the creep 
rate that would exist in the cylinder. In the case of the first end 
failure, there was a final stress of 8000 psi on the cylinder at 1050 
F, giving a creep rate of 6.5 per cent in 100,000 hr. On the hemi- 
spherical end we could then expect a creep rate of 3 times the 
amount, previously given, due to the higher stress to which 
the hemispherical end was designed. Due to the higher tempera- 
ture, we might expect a maximum of double that creep rate. 
The combination of these two would, therefore, give us a rate of 
about 6 times the creep rate in the tube itself, or 39 per cent. It 
would therefore appear that at such a rate failure in carbon- 
moly steel at 1065 F occurred in 2240 hr, the stress being approxi- 
mately equal in two directions. 

In the second case, with 4780 Ib internal presure on the cylinder 
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at 900 F, the creep rate was 0.9 per cent per 100,000 hr in the 
cylinder. Therefore by the same method of calculations we might 
expect a creep rate in the hemispherical ends of approximately 6 
per cent. It seems hard to understand the failure of this head 
under these conditions; further investigation is being made of this. 

It is possible that, with the higher creep rate on the hemi- 
spherical ends, a stress-concentration effect may have existed 
close to the cylinder proper. At any rate both failures took 
place close to the junction of the hemispherical ends with the 
main cylinders, and the cracks were circumferential in relation 
to the cylinder. 

Metallurgical examination has shown that for the 1050 F 
end the material has spheroidized. In the case of the 900 F end 
apparently no changes have taken place in the material. 

It is contemplated on the next */s-in-thick cylinder to weld 
additional thickness to the hemispherical ends so that on this 
sample we shall be able to conduct the test for a longer period 
than 2000 hr. In the case of the !/s-in-thick cylinders, one of 
which is now under test, the hemispherical ends were made */», 
in. thick so that there will not be any excessive stress in these 
ends, and every effort will be made to hold the temperature of 
the ends close to that of the cylinders themselves. 

In considering why we did not obtain failures on the first series 
of tests in the hemispherical ends, it would appear that this was 
due to the fact that most of these ends were welded over due to 
porosity of the metal, and the two which were not so welded 
over operated only 1100 hr. 

The diagram, in Fig. 9, gives a summary of the results obtained 
here and in the first part of the work by plotting rate of flow 
against stress. It will be seen that the results at 1050 F are in 
excellent agreement with our previous figures, but that the re- 
sults at 900 F are closer to the 800 F values than we would have 
anticipated. It is shown in general that the rate of flow in the 
tubes is slightly less than that in the tensile specimens, although 
it should be remembered that the numbers of the values are stil! 
tentative as the tests have not been completed. 


SuMMARY 


It is not attempted here to discuss the agreement between the 
tensile and tubular specimens, as this is being taken care of in a 
separate paper* by Professor Soderberg. 
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[Nore: A joint discussion of this paper and the paper, ‘‘Inter- 
pretation of Creep Tests on Tubes,” by C. R. Soderberg, appears 
on pages 740-748 of this issue of the Transactions.—Ep1rTor. | 
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Interpretation of Creep Tests on Tubes 


By C. R. SODERBERG,' CAMBRIDGE, MASS. 


In a companion paper,’ Professor Norton has presented 
the results of creep tests on tubes, carried out under Proj- 
ect 10, of the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals. The present paper 
contains a discussion of the phenomena involved in the 
light of the accepted theory of yielding, the theoretical 
basis for the present research program, and the significance 
of the results thus far obtained. 


Tue THEORY OF YIELDING 


N THIS study of creep phenomena, it is assumed that there is 
available a set of creep curves for the material in question, 
covering the appropriate temperature range of stress. In 

general, these creep curves will give the total strain ¢ as a func- 
tion of the time ¢t. It is further assumed that these creep curves 
approach straight lines, Fig. 1, with minimum slope u, which de- 
pends in some manner upon the stress ¢, Fig. 2. This relation is 
the basic part of the experimental information available from the 
tensile creep test. The actual form of this relation is not impor- 
tant in the present connection. 


a 
—z 7 
Fig. 1 Typrcat Creep Fig. 2. Creep Rate- 
CuRVE Stress RELATION 


It is next assumed that the same material, at the same tempera- 
ture, is subjected to a three-dimensional state of stress, defined 
by the principal stresses, o;, 02, and o3. The resulting creep will 
take the form of an increase with time of the principal strains, 
«, @, and ¢. Based on the experience from the tensile test, it 
may be expected that this creep will settle down to three mini- 
mum creep rates, u:, U2, and u;. The theory of creep is based on 
the assumption that the relation between these creep rates and 
the corresponding state of stress is contained in the o-u relation 
obtained from the tensile test. 

Such a theory was presented a few years ago by R. W. Bailey.* 
In a discussion‘ of that paper, the author pointed out that the 


1 Professor of Applied Mechanics, Massachusetts Institute of 
Technology. Mem. A.S.M.E. 

*“Progress Report of Tubular Creep Tests,” by F. H. Norton, 
Trans. A.S.M.E., vol. 63, 1941, pp. 735-737. 

*““Design Aspect of Creep,” by R. W. Bailey, Journal of Applied 
Mechanics, Trans. A.S.M.E., vol. 58, 1936, p. A-1. This paper is an 
abridgment of a more comprehensive paper, ‘‘The Utilization of 
Creep-Test Data in Engineering Design,” by R. W. Bailey, Pro- 
ceedings of The Institution of Mechanical Engineers, vol. 131, 1935, 
pp. 131-349. 

‘ Discussion by C. R. Soderberg of ‘Design Aspect of Creep,” by 
R. W. Bailey, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 58, 
1936, p. A-150. 

Contributed by the Joint Research Committee on the Effect of 
Temperature on the Properties of Metals, and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of Tue 
AMERICAN SociETY oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Bailey theory appears needlessly complicated, and that the neces- 
sary elements of a satisfactory theory are already contained in the 
premises for the Mises-Hencky criterion of yielding, which has 
been generally verified for the case of ductile materials at room 
temperature. There is nothing in the situation at elevated tem- 
perature which would indicate the need for additional assump- 
tions. 

The basic assumptions of the Mises-Hencky criterion of yield- 
ing are isotropy and constancy of volume, although in the de- 
velopment of the theory this is not always apparent. The 
former is one of those ideals which is never quite fulfilled, but 
which forms a suitable background against which our experi- 
mental results may be projected. The latter assumption ap- 
pears reasonably well fulfilled for the plastic deformations, but 
volume changes under elastic deformations are unavoidable. 
However, if the application is confined to stresses which are con- 
stant in time, this objection is removed. This is an important 
restriction, which applies to the tensile creep test as well. 

In general, the three-dimensional state of stress o1, 2, ¢; may 
be resolved into a “hydrostatic tension” 


and a “remainder” represented by the principal stresses 


= E (a2 + a3) 


o2 — (o3 + 


Similarly, the state of strain «, e, ¢; may be resolved into the 
“dilatation” 


 atata 


3 [3] 
and a remainder represented by the principal strains 
a=a-—@ | 
[4] 


The stress Equation [1] and the strain Equation [3] relate to 
the change of volume; the stress Equation [2] and the strain 
Equation [4] relate to the change of shape. The latter may be 
called ‘‘deformation stresses” and ‘deformation strains,” re- 
spectively. 

If the volume remains constant, the phenomenon of yielding is 
reduced to a change of shape, produced by the deformation 
stresses. The Mises-Hencky theory expresses this observation 
by defining “the amount of yielding” as the resultant of the de- 


formation strains VV e,? + e? + e and “the cause of the yield- 
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ing” as the resultant of the deformation stresses V/ 81? + 822 + 837. 
The stress-strain relation of the tensile test may thus be looked 
upon as the evidence of a more fundamental relation between 
these resultants. This is the basis for the introduction of the 
“intensity of strain’ 


2 


Vv (a — a)? + (a — + (a — 


and the “intensity of stress’ 


V si? + + 


1 
o; — oy— 93)? 
)? + 03)? + ( ) 


These terms were introduced by Hencky® for the quantities 
V + + andV. 8,2 + + 83", respectively. The reason 
for departing from this convention is that the quantities s and e 
as defined become identical with o and « for the conditions of the 
tensile test = 0, = os = 0; €: = €, & = = —e/:). The 
rate of change of e may thus be looked upon as an “intensity of 
creep,”’ depending directly upon the intensity of stress in accord- 
ance with the o-u relation obtained from the tensile test. 

Since the volume remains constant, the deformation compo- 
nents é1, é2, and €;, Equation [4], are identical with the strain com- 
ponents ¢, ¢:, and ¢;. The intensity of creep may thus be defined 
as the quantity 


In the development of the theory, it is assumed that this intensity 
of ereep distributes itself along the principal axes in the same man- 
ner as the intensity of stress is resolved into the deformation 
stresses. The mathematical formulation of this assumption is 


= = Us: 83 
= + ut + wt: V8? + + = [3] 


Note that in this expression uw, us, and us are the principal creep 
rates; 81, 82, and s; the deformation stresses; and u the creep rate 
which is measured in a tensile test at the stress s. To keep this 
relation in mind we will write u(s) instead of u. By introducing 
the expressions Equation [2] for s, 2, and 8; this gives 


1 
(o2 + 


u(s) 


8 


1 
+ 


u(s) 
(o1 + o2) 


Us u(s) 


which is the proposed form of the theory of yielding. 


APPLICATION TO TUBE UNDER INTERNAL PRESSURE 
Consider next the case of a long tube with closed ends, sub- 


* “The New Theory of Plasticity, Strain Hardening, and Creep, and 
the Testing of the Inelastic Behavior of Metals,” by H. Hencky, 
Trans. A.S.M.E., vol. 55, 1933, paper APM-55-18, pp. 151-155. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBI R, 1941 


jected to internal pressure. The state of stress of such a tube 
may be defined by the tangential stress 0, the radial stress o,, 
and the axial stress o3. In the elastic state of stress, the tangen- 
tial and radial stresses will vary throughout the tube thickness, 
As creep is started, these stresses are certain to alter, and the 
premise of constant stress is violated. Eventually, a steady state 
of stress will be reached, and from then on the stresses will re- 
main constant. The determination of this state of stress is a 
matter of considerable difficulty, however, and for this reason the 
thick cylinder is not suitable for this type of experiment. 


GG 


G16, 


Fie. 3 STATE OF STRESS 
AND STRAIN 


Fie. 4 UNDER In- 
TERNAL PRESSURE 


When the wall thickness of the tube is small in comparison with 
the radius, the change in stress will be small. The ideal of a truly 
constant stress may then be approximated by considering the 
stresses at the middle of the tube wall. With the notations of 
Fig. 4, the magnitude of these stresses may be determined in the 
following manner: The tangential stress o, and the axial stress 
o3 are determined directly from the conditions of equilibrium with 
the internal pressure p. The radial stress o; has a value —p at 
the inner wall and zero at the outer wall, with a mean value of 
—p/2. This reasoning gives 


Introducing these stresses into Equation [6], we have for the 
intensity of stress 


Furthermore, the different factors of Equation [9] have the values 


v3 


1 
(o2 + a3) 


1 
+ o2) 


=0 
8 


This gives for the three creep rates of the cylinder under internal 
pressure 
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The theory shows that the axial creep rate is zero. The tan- 
gential creep rate is V/3/2 times the ereep rate of a tensile test 
performed at the stress V/. 3/2 X pR/t. The radial creep rate 
(change in thickness) has the same value, but the opposite sign. 

The tangential creep rate is obtained from the o-u relation of 
the tensile test by entering with the stress s and multiplying the 
corresponding creep rate by V3/2. It is not necessary, however, 
to have access to the complete o-u curve in order to check the 
theory. If there is available a single tensile creep test, with a 
minimum creep rate u at the stress o, the tube test should be 
run at a pressure which will produce an intensity of stress equal 
to o; that is, the pressure should be, from Equation [11] 


At this pressure, the theory predicts a tangential creep rate of 


V3/2 X u and an axial creep rate of zero. The tests described 
by Professor Norton? were all planned with the object of prov- 
ing or disproving this prediction. ' 

In tests of this kind, it is never possible to make the ratio of 
thickness to radius strictly small, so that an exact check with the 
theory cannot be expected. The measurements of the deforma- 
tions are of necessity made at the outside radius, so that a cor- 
rection is required in order to obtain the creep rate at the mean 
radius. 

If the creep rate recorded by Professor Norton is denoted by wu,’ 


t 
the rate of increase of the outside radius is w'( R+ ‘). It is rea- 


sonable to assume that the creep phenomena take place in such 
& manner as to preserve every element of the volume constant. 
This requires that the tangential creep be inversely proportional 
to the radius.* The rate of change of the mean radius is, there- 


t 
fore, u;’ ¢ ao 3 ) R and, hence, the creep rate at the mean 


radius 


An approximation of the same result is obtained by stating that 
the rate of increase of the outside radius is equal to the rate of 
increase of the mean radius, minus the rate of decrease of one half 
of the thickness. This gives 


When t/2R is small, Equations [15] and [16] are identical. In the 
following discussion, Equation [15] will be used. 


CoMPARISON OF REsuLts WITH THEORY 


At the present time there are four tube tests which may be used 
as a check of the theory. It is probable that they have not yet 
reached the steady state, but the present results may be used to 
indicate the trend. These results are given in Table 1. 

All experiments were made on tubes with an outside diameter 
of4in. The creep rate u;’ was measured from the curves; from 
this the creep rate wu was calculated by Equation [15]. At 900 F 


* Note that a radial displacement p produces a tangential strain 
p/r and a radial strain dp/dr at the radius r. Since there is no axial 
strain the sum p/r + dp/dr must be zero to keep the volume constant. 
This gives, after integration, p = constant/r. 


TABLE 1 RESULTS OF TUBE TESTS 
—Tensile tests— 


Tube tests 
Pp Creep rates, 
e In pres- per cent in 

Temp, stress, 100,000 —Dimensions, in— sure, 100,000 hr Ratio 

F psi hr t R t/2R iopsi ui wu w/u 


1/8 31/16 1/31 1490 
3/8 29/16 3/29 4789 1-1 .92 
8. 
1/8 31/16 1/31 596 9.3 1.09 
1050 8000 
3/8 29/16 3/29 1911 


1,2 
900 20000 (7000) 


« Indicates approximate duration of test in hours. 


the '/;-in. tube gave 1.6 per cent and the 3/s-in. tube 1.1 per cent, 


against a predicted value of V3/2 X 1.2 = 1.04 percent. At 
1050 F the '/s-in. tube gave 9.3 per cent and the 3/s-in. tube 8 per 


cent against a predicted value of V/3/2 X 8.5 = 7.4 per cent. 
The last column gives the ratio of tangential creep rate to creep 
rate of the tensile test, which theoretically should be */3/2 = 
0.867. 

All tube tests so far show higher creep rates than predicted by 
the theory, but the difference for the #/s-in. tubes is small. It is 
probable that the figures for the 4/s-in. tubes will improve as the 
tests are continued. 

While the final check on the tangential creep rates must await 
the completion of the project, it is significant that the prediction 
of zero axial creep was fulfilled in all cases. 

At first sight the results obtained so far are not impressive but, 
when the circumstances of the tests are taken into account, they 
are probably as close as can be expected. Imperfections in iso- 
tropy, slight variations in temperature and dimensions, and other 
factors, not to mention the difficulty of measurements, may easily 
cause divergencies greater than those now obtained. For ex- 
ample, an error in thickness of 0.01 in. in the 1/s-in-thick tube may 
be expected to alter the tangential creep rate by more than 50 
percent. This particular phase will be investigated more closely 
at the end of the tests and covered by a later report. 

In conclusion it may be said that these creep tests have not 
revealed any serious discrepancy with the theory of yielding, but 
that the present program must be completed before a positive 
correlation may be obtained. 


CoNDITIONS OF THE HEMISPHERICAL ENDS 


The problem of the failure of the hemispherical ends of some of 
these specimens is an instructive application of the theory of 


Fic. 5 SpHere INTERNAL PRESSURE 


yielding. Considering a thin sphere under internal pressure, it 
is not difficult to determine the principal stresses at the middle 
of the wall. With the notation of Fig. 5 and the same reasoning 
as that developed for the thin cylinder, it is found that 


Here o; and o; are the tangential stresses, now alike, while o: is 
the radial stress. 
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Introducing these stresses into Equation [6] we have for the 
intensity of stress 


s = pR/2t 


The factors of Equation [9] have the values 


8 


1 
(os + 


1 
— + 22) 


and the creep rates of the sphere are 


= 


If creep tests were conducted on a thin sphere, therefore, the 
tangential creep rate to be expected is one half of the tensile 
creep rate under the stress pR/2t. Such experiments might be of 
interest as a check on the theory of yielding. 

In the present instance, it is proposed to apply these results to 
the hemispherical ends of the tube specimens. These were 
originally designed to give the same elastic tangential strain as 
the cylinder; this required a wall thickness of a little less than 
one half that of the cylinder. For various manufacturing rea- 
sons, however, the wall thickness became smaller than intended. 
Thus, the */s-in-thick tube at 1050 F had a hemispherical end 
with a measured thickness of about 0.14 in. The mean radius 
was the same as that of the tube, namely, 29/16 inch. This gives 

1911 X 29 


16 X2X0.14— 
12,400 psi, which is considerably higher than the 8000 psi to which 
the tube was subjected, and which gave a tangential creep rate 
of 6.5 per cent. Assuming that the creep rate varies with the 
fifth power of the stress, the tangential creep rate of the hemi- 
sphericalend would be, from Equation [20], ; x Ce X 8.5 
= 38 per cent in 100,000 hr. This high rate is further increased by 
the rise of temperature at the end. The failure is quite well ex- 
plained by the discrepancy between the rate in the hemispherical 
portion and the adjoining cylindrical portion. Fig. 6, which is 
reproduced from a photograph of the longitudinal section of this 
tube after the failure,’ confirms this explanation. 

The 900 F specimen at 4780 psi had a measured thickness of 


4780 X 29 
bout 0.165 in.; the resulti i os 
abou in.; ing stress is x 0168 26,300 


psi, as compared with the stress of 20,000 psi in the cylindrical 
portion, and which produced a tangential creep rate of 0.9 per 
cent in 100,000 hr. In accordance with the theory cited this 


for the intensity of stress in the hemisphere 


7 “Failure of End Cap,” by J. B. Romer, The Babcock & Wilcox 
Company, New York, N. Y., Babcock & Wilcox Engineering Re- 
print, June 21, 1940. (Not published.) 
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Fig. 6 Fracrure or Tuse SpEcIMEN 


26,300 
20,000 
100,000 hr. This rate is not particularly high, but it is probable 
that the stress intensity of 26,300 psi may be high enough to 
cause intercrystalline fractures, particularly in view of the higher 
temperature at the ends. 

The failures are not surprising, particularly that of the tube 
at 1050 F. The theory of yielding indicates that in an application 
of this kind the stress intensity should be about the same in the 
end as in the cylindrical portion. This requires a wall end thick- 
ness of about 60 per cent of that of the cylinder. If there should 
be appreciable differences of temperature, the thickness must be 
increased further. The safest arrangement would probably be to 
maintain the thickness the same throughout the specimen. 

This aspect of the experiments illustrates a practical applica- 
tion of the theory of yielding, which deserves attention in the de- 
sign of structures of this kind. 


X 1.2 = 2.35 per cent in 


1 
gives a creep rate of 5 x ( 


Discussion® 


W. O. Cuinepinst.* Professor Soderberg has aptly shown, 


8 This discussion applies jointly to the present paper and the 
paper, ‘‘Progress Report on Tubular Creep Tests,”’ by F. H. Norton, 
which appears on page 735 of this issue of the TRANSACTIONS. 

* Engineer, Operating Department, National Tube Company, 
Pittsburgh, Pa. Jun. A.S.M.E. 
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SODERBERG—INTERPRETATION OF CREEP TESTS ON TUBES 


both in his present paper and in his discussion‘ of a paper® by 
Bailey in 1936, that the postulates of creep do not conflict with 
those of stationary plastic flow. He has obtained from these 
postulates Equations [9], relating the principal creep rates in a 
three-dimensional stress system with the creep rate of a tensile 
creep specimen. 

In applying Equations [9] of the paper to a tube under internal 
pressure, the author states that analysis of creep of a thick tube 
presents difficulties. The observation might be made that, if 
creep or yielding of the outer radius of a tube is obtained, the 
entire tube has yielded. If such is the case, then the theory of 
yielding of thick tubes is readily employed. Only the laws of sta- 
tionary plastic flow which the author employed in developing 
Equations [9] are necessary. 

Using the nomenclature of the author’s paper for principal 
creep rates of the outer radius of the tube u’1, u’s, u’s, and defin- 
ing the tangential, radial, and axial stresses at the outer surface 
as a’), o'2, o's, the following expressions may be developed from 
the laws of stationary plastic flow” 


’ 28 


V3 


The following expressions relating the strain rate of the outer 
radius of the tube with that of a tensile creep specimen are ob- 
tained by substituting Equation [21] of this discussion into the 
author’s Equation [9] 


uj = u(s) 


uz = 0 


The condition for yielding of the outer surface of a thick-walled 
tube defines the “‘intensity of stress” as!¢ 


op 


When ¢ is small in comparison to R, Equation [23] may be ex- 
pressed as 


It is seen that Equation [24] corresponds to Equation [11] of 
the paper. 

Combining Equations [13] and [15] of the paper, the following 
expression is obtained relating the creep rate of the outer radius 
of a thick tube to the creep rate of a tensile creep specimen, where 
the relationship of intensity of stress of the tube is equal to the 
stress on the tensile creep specimen 


Equation [25], based on the assumption of a thin tube, should 
be compared with Equation [22] of this discussion, obtained from 


* “Plasticity,” by A. N&dai, Engineering Societies Monographs, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1931, p. 188. 
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the plastic yielding of a thick-walled tube. It is seen that the lat- 
ter, Equation [22], results in a higher estimate of the creep rate 
for the outer radius of a thick tube relative to the creep rate of a 
tensile creep test than does Equation [25]. 


D. 8S. Jacosus.!! The Joint Research Committee sponsoring 
the present investigation was responsible for publishing data’ 
on creep characteristics in 1938. The results of laboratory tests 
given in that compilation have been used for setting working 
stresses both in this country and abroad. 

The Joint Research Committee has been responsible for secur- 
ing contributions from the industry for conducting its work. The 
committee has been particularly fortunate in securing the services 
of as able men as the authors of the two papers, and it is hoped 
that they will follow up the work until it is completed. 

In 1929 the writer presented a paper'* before the Society, in 
which the working stresses at the higher temperatures were based 
upon the rate of creep, together with the results secured in prac- 
tice. Since that time, many questions have come up regarding 
the dependence which can be placed upon creep tests for establish- 
ing the working stresses. Fundamental data such as secured in 
the tests will serve as a valuable contribution to the subject. 

There is a broad field for perfecting the design of pressure 
vessels through avoiding abrupt changes in section which act as 
stress raisers. Important improvements are bound to come 
which will result in a saving of material without sacrificing safety. 
Fundamental data such as covered by the papers will be of inesti- 
mable value in making advances of the sort and the Joint Re- 
search Committee should be thanked for sponsoring the investiga- 
tions. The authors of the papers should be commended for the 
able way in which they have conducted the work. 


J.J. Kanrer.'* The interpretation which Professor Soderberg 
advances for Professor Norton’s carefully conducted tests on steel 
tubes creeping under internal pressure is a promising approach 
to the problem. Whether or not the Mises-Hencky theory, as 
applied, affords an adequate analysis of the problem of creep 
under combined stress is open to some discussion. 

At the temperatures at which Professor Norton conducted his 
tube tests, creep-strain rates seem to persist at any stress sensibly 
greater than zero. In previous discussions of creep phenom- 
ena,}® 16 the writer has taken the view that the relationship be- 
tween stress and creep-strain rate may be treated as viscous flow 
and that, upon the application of stresses, metals change their 
intrinsic viscosities. As stress is applied, the viscosity of the 
metal continuously decreases from an initial value at zero stress, 
so we may write that the creep rate u is the product of the 
stress o and a “flowability” factor ¢, which in turn is a function 
of the resolved stress in a system 


The stress function f(c), is generally found to be an exponential 


and can be represented graphically by plotting log (:) versus o. 


1 Advisory Engineer, The Babcock & Wilcox Company, New York, 
N. Y. Past-President .A.S.M.E. 

12 “Compilation of Available Creep Characteristics of Metals and 
Alloys,” Joint A.S.M.E.-A.S.T.M. Research Committee on the 
ae of Temperature on the Properties of Metals, Creep Section, 
1938. 

13 **Working Stresses for Steel at High Temperatures,” by D. S. 
Jacobus, Trans. A.S.M.E., vol. 52, 1930, paper FSP-52-35, pp. 295-299. 
pS 14 — Metallurgist, Crane Company, Chicago, Ill. Mem. 

.S.M.E. 

18 “Interpretation and Use of Creep Results,” by J. J. Kanter, 
Trans. American Society for Metals, vol. 24, 1936, pp. 870-918. 

16“*The Problem of Temperature Coefficients of Tensile Creep 
Rate,” by J. J. Kanter, Trans. American Institute of Mining & 
Metallurgical Engineers, vol. 131, 1938, pp. 385-418. 
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For much data such a plot approximates linear. Creep rates are 
frequently represented in the empirical relation 


where wo, oo, and n are empirical constants for Equation [27] 
Writing the expression as 


we find that the quantity ‘) expresses the “flowability” 

of the material at the stress o. Analytical expression of the re- 

lationship appearing on the semilog plot of = versus o takes the 


form 


wie 
Use 


where wu, oo are empirical constants for Equation [29], and = 


a 
e () is the flowability at o. 

These considerations focus attention upon the manner in which 
Professor Soderberg relates “stress intensity’”’ and “creep inten- 
sity.” Presumably the function u(s) of the author’s Equations 
{9] is intended as a measure of the flowability associated with the 
stress intensity of his Equation [6]. If such be the case, this is 
equivalent to the assumption that the submerged “hydrostatic 
stress” p makes no contribution whatsoever in affecting the vis- 
cosity of the material. It is furthermore an assumption that a 
given stress intensity, resulting from a set of combined stresses, 
is associated with the same identical viscosity value as a similar 
stress imtensity, resulting from simple tension. Although the 
hydrostatic stress may play no part in propelling creep strain, it 
does elastically dilate the material. Likewise, the stress intensity 
elastically alters the structure of the material in various fashions, 
depending upon the stress composition. These elastic responses 
in the material are unquestionably accompanied by alterations 
of the viscosity and flowability. Therefore, in order to rectify 
the physical significance of Professor Soderberg’s Equations [9], 
it would seem that u(s) should be replaced by a function depend- 
ing upon the total principal stresses o1, 02, and o; defined, per- 
haps, in terms of the state of elastic dilation. 

If the assumption be granted that flowability is a function of 
the state of elastic dilation, it becomes of interest to derive the 
corrections, which from the “‘viscosity”’ point of view should be 
applied to Professor Soderberg’s calculations. In doing this, it is 
helpful to generalize somewhat our treatment of the deformation 
of an isotropic body by simply recognizing that a principal strain 
will be accompanied by strains in the planes normal to its axis. 
In the case of plastic deformation where no change in volume oc- 
curs, these strains in the normal planes are one half the magnitude 
of the principal strain. This, however, represents a special case, 
the more general situation being the sort of change in volume as 
obtains in elastic deformation, where the strain in the normal 
planes is usually expressed by Poisson’s ratio 4. Suppose the 
strains in the planes normal to one of the principal stresses are 
permitted to react upon the other two principal strains. We are 
then concerned with the algebraic sums of principal strains super- 
imposed upon normal strains 


= « — Ae + &) 
= Aa + 
= — Me + 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1941 


where and é; are residual strains, and are principal 
strains, and } is Poisson’s ratio. The “resultant strain,” when 
related to the tensile test thus becomes 


2 3 1 + e163 + e263). . [31] 
For plastic deformation, when \ = 1/2, this expression becomes 
identical with the Mises-Hencky resultant. Thus, it appears 
feasible directly to argue this same result, without introducing 
the rather obscure concept of a hydrostatic portion of the stress. 
The stress intensity S,, associated with the elastic aspect of 
the deformation, may thus be assumed to be related to the result- 
ant strain through Young’s modulus E 


+ o103 + 
[382] 


The stress intensity S,, associated with the plastic or creep as- 
pect of the deformation, is related to the resultant strain through 
the flowability ¢ 


since ¢ = f(Se), then by Equation [26] of this discussion 


Thus we may write 


1 
S, = V ut + ut + us? — + + Ugus). . [35] 


In order to subject Equation [34] of this discussion to calcula- 
tions, we must assign a definite function to f(S,). A function of 
the type in the writer’s Equation [29] has a definite physical 
significance which has been discussed elsewhere and may be con- 
veniently used. Professor Norton’s data are represented within 
the limits of experimental uncertainty by Equation [29] of this 
discussion in the form 


S 
S, oo 


where oo and K are constants. Since for simple tension S, = 
S, = o by definition, Professor Norton’s tensile creep rates may 
be used to compute oo and K, as given in Table 2. 


TABLE 2 VALUES OF CONSTANTS oo AND K 


u 
Temp, F u x 10° K 
900 13000 0.3" 0.0231 
1050s 13930 195.0 14.0 5290 —4. 486 


¢ This test is from Professor Norton's 1939 report, see footnote (17) this dis- 
cussion. 


Using Equation [32] of this discussion to calculate S,, and in- 
troducing the principal stresses for the thin-walled tubes tested 
by Professor Norton and assigning a value of 0.275 to Poisson’s 
ratio, this expression becomes 


2 
S,=p (*) — 0.26 —0.12...... [37] 


Using the writer’s Equations [37] and [33], with the tube di- 
mensions and pressures of Professor Norton’s tests, we find the 
stress intensities affecting both the flowability and plastic flow 8 
given in Table 3. 
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TAB!.E 3 STRESS INTENSITIES AFFECTING FLOWABILITY 
AND PLASTIC FLOW 


Tube wall, R Pressure 
in. t psi Se Sp 
‘Vs 15.5 1490 20950 20000 
4/5 4.84 4780 20350 20000 
is 15.5 596 8370 8000 
4.84 1911 8140 8000 


The values for S,, we see, are somewhat larger than the S, values 
used by Professor Soderberg. In order to determine the ratios 
for flowability between these two sets of stress-intensity values, 
Equation [36] with the constants of Table 2 of this discussion 
may be used. Such calculations lead to the values in Table 4. 


TABLE 4 FLOWABILITY RATIOS BETWEEN S, AND Sp VALUES 


F in. For Sp or Se op u ude 
900 I/s 0.00006 0.000069 14 1.33 1.16 
.00006 0.0000625 1.04 0.92 0.88 

1050 \/y 0.001063 0.00125 1.18 1.09 0.92 
a/y 0.001063 0.00113 1.065 0.93 0.87 


Thus, it appears that the margia of increase which the “elastic” 
stress intensity represents over the “plastic” provides very nearly 
the correction needed to make the ratio of circumferential creep 
rate to tensile creep rate approximate the theoretical ideal of 

Reflecting upon Professor Soderberg’s observation that the 
theory should provide a suitable background, against which our 
experimental results may be projected, makes us mindful that 
Professor Norton’s previous report” on tubular creep tests showed 
where a small but definite longitudinal creep rate was observed. 
While theory predicts zero longitudinal creep rate, it must be 
remembered that the theory postulates isotropy, whereas, our 
metal does not entirely fulfill this ideal. Metal tubes have defi- 
nite directional properties developed in the working of the ma- 
terial incident to their manufacture. That definite anisotropy 
in material leads to a considerable longitudinal creep in tubes 
under internal pressure is borne out by some experiments tried 
ai the writer’s laboratory using warm celluloid tubes under air 
pressure. Celluloid, as is well known, becomes highly birefrin- 
gent under stress and is thus known to become anisotropic. 
These tubes showed a longitudinal contraction at a rate of about 
‘/sthe circumferential expansion. A mathematical analysis of the 
effects of anisotropy on creep rates appears a difficult but chal- 
lenging problem. In the light of the foregoing consideration, it 
would be necessary to deal with the effects of anisotropy, not only 
from the standpoint of plastic deformation, but also elastic dila- 
tion. Fortunately, however, the steels with which we ordinarily 
are concerned seem to follow satisfactorily the rules deduced from 
the assumption of isotropy. 


R. M. Van Duzer, anp AnTHUR McCutcHan.’® The re- 
sults of Professor Norton’s comparative tests on tensile and tubular 
specimens have been awaited expectantly by all having occa- 
sion to apply tensile creep data to the design of pipe and tubing. 
These tests and those now planned or under way should give a 
better appreciation of the problems involved in designing for creep 
conditions. 

While Professor Norton has referred the question of correlating 
results of his tensile and tubular tests to an accompanying re- 
port by Professor Soderberg, the statement is made that “the cir- 


” “Creep in Tubular Pressure Vessels,” by F. H. Norton, Trans. 
A.S.M.E., vol. 61, no. 3, 1939, pp. 239-245. 

8 Engineer, Production Department, The Detroit Edison Com- 
pany, Detroit, Mich. Mem. A.S.M.E. 

* Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Jun. A.S.M.E. 


cumferential creep is approximately the same as the creep in the 
tensile specimen with a stress equivalent to the circumferential 
stress in the tube.”” The purpose of the first part of this discus- 
sion is to examine the basis for this statement and to consider 
how the new test results compare with those previously reported. 
From Professor Norton’s Table 1, it may be observed that, in 
the case of tests at 900 F, the stress in the tensile specimen is 20,- 
000 psi, as compared with a circumferential stress of 23,000 psi 
in the tubes. This difference in the stresses being compared 
arises from the fact that pressures in the tubes were purposely ad- 
justed by application of the Mises-Hencky theory to produce an 
“intensity of stress” equal to the stress in the tensile specimen. 
This was deduced as 1.15 times the pressure, which corresponds to 
the circumferential stress of 20,000 psi. The circumferential 
creep rate of the tube under this higher pressure was predicted 
to be 0.867 times the creep rate found for the tensile specimen. 
Regardless of the theory applied, it seems essential to the 
writers that creep rates be compared over the same intervals of 
time. The rates of creep existing at different intervals during the 
tests on both the tensile and tubular tests have been plotted in 
discussing Professor Soderberg’s paper. It is apparent from such 
plotting that only in the case of the tensile test at 8000 psi and 
1050 F is it possible to assume that a steady rate of creep has been 
obtained. Comparing rates of creep of tensile specimens at pe- 
riods up to 7000 hr with those obtained from tubular tests of 1600 
to 2700 hr duration, therefore, would not seem to be admissible. 
In order to compare the creep rates of the present tube tests 
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with the tensile tests on the same basis as Professor Norton’s 
earlier tests!’ and those reported by the writers,” it is necessary 
to extrapolate on a log-stress versus log-rate-of-creep curve to find 
the creep rates of the tensile specimens which correspond to the 
hoop stress in the tubes. By means of this rather debatable pro- 
cedure, it was found that the rate of creep, measured on the out- 
side of the tubes, was only about 63 per cent of that of the tensile 
specimen for both the '/s-in- and */s-in-wall tubes at 900 F, and 
52 and 45 per cent, respectively, for the '/s-in- and */s-in-wall 
tubes at 1050 F. These results are plotted in Fig. 7 of this dis- 
cussion, for comparison with previous data. It will be noted that 
both these test conditions fall in the region in which creep of 
tubes has been found to be less than creep of conventional ten- 
sion specimens, when they are compared on the basis of creep 

0 ““High-Temperature-Steam Experience at Detroit,” by R. M. 


Van Duzer, Jr., and Arthur McCutchan, Trans. A.S.M.E. 
1939, pp. 383-401. 7s E., vol. 61, 
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measurements on the outside of the tubes and simple hoop stress.?! 

It is important to relate actual measured circumferential creep 
of tubes with simple hoop stress since both the A.S.M.E. Boiler 
Code and the A.S.A. Piping Code determine pipe-wall thickness 
in terms of this stress. It seems reasonable that pipe should be 
designed for this more severe or open-end condition, since both 
longitudinal thrust and compressive bending stress tend to offset 
the beneficial effect of longitudinal tensile stress and to accelerate 
circumferential creep. 

The tests for which results are given in Professor Norton’s 
paper are for more rapid rates of creep than are contemplated in 
usual power-plant practice. The additional tests at lower rates 
_of creep which are planned or under way will do much to confirm 
whether the circumferential creep of a closed-end tube is greater 
or less than might be expected from simple tensile creep tests. 
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When considered for the same time intervals, Professor Nor- 
ton’s statement that “the circumferential creep is approximately 
the same as the creep in the tensile specimen with a stress equiva- 
lent to the circumferential stress in the tube” should be carefully 
qualified as to just what creep and what stress are intended. It 
would be particularly helpful if he could arrange to do so in his 
closure to the paper. 

Turning now to Professor Soderberg’s paper, it is apparent he 
has presented a logical argument that the theory of yielding, 

21 Discussion of ‘‘Creep in Tubular Pressure Vessels,” by R. M. Van 


Duzer, Jr., and Arthur McCutchan, Mechanical Engineering, vol. 61, 
1939, pp. 757-758. 


TABLE 5 COMPAR | OF RATES OF CREEP C-Mo AT 900 F TENSILE, AND TUBULAR 
EST RESULTS, PER CENT PER 100,000 HR 


Circumferential rates 23,000 
psi stress; values from 


Circumferential rates 23,000 
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based on the Mises-Hencky concept, can be used to interpret 
creep under three-dimensional stress conditions. His conclusion 
that the circumferential stress in a closed-end tube can be per- 
mitted to be 15 per cent higher than stress in simple tension is in 
agreement with other authorities on theories of combined stress. 
Professor Norton’s tests were stated to be planned to give direct 
confirmation of this concept. His conclusion, however, that the 
resulting circumferential creep rate at this higher circumferential 
stress will be only 86.7 per cent of the tensile creep rate at the 
lower tensile stress is not so apparent. 

In order to examine more closely whether Professor Soderberg’s 
theories were supported by the test results, the rates of creep 
existing at different intervals during the tests at 900 F on both 
the tensile and tubular specimens have been plotted in Fig. 8 of 
this discussion. These rates were determined from values of 
elongation read at 400-hr intervals from blueprints of Professor 
Norton’s daily plotting of time-elongation curves. The curves, in 
Fig. 8, emphasize that it is essential to compare creep rates over 
the same intervals of time. 

The tensile rates are compared with the tubular rates, corrected 
to the mean radius by Professor Soderberg’s Equation [15], in 
Table 5 of this discussion. His method of correcting the meas- 
urements to determine the creep rate at the mean radius of the 
tube appears to have been an afterthought, since the diameters 
used in calculating unit elongations were not given in Professor 
Norton’s report. It will be observed that the rates for the !/s-in- 
and */s-in-wall tubes are reasonably consistent when considered at 
the same time intervals. Also, that the ratio of circumferential 
creep to tensile ¢»sep appears to be approximately unity or greater. 

A similar comparison between tubular and tensile creep rates 
for the tests at 1050 F, likewise, showed more consistent relations 
when measured over the same time intervals than when tubular 
tests of 2600 hr duration were compared with tensile tests of 7000 
hr. 

Tensile and circumferential creep rates, when considered for the 
same intervals of time, seem to confirm Professor Soderberg’s con- 
clusion that the circumferential stress in a closed-end tube can be 
made 15 per cent higher than the simple tensile stress. Also, that 
his proposed means of adjusting measured changes in the outside 
diameter to give the creep rate at the mean radius is approxi- 
mately correct. The results, however, do not appear to afford a 
demonstration that the circumferential creep rate at the mean 
radius of a tube having 15 per cent higher stress will be 86.7 per 
cent of the tensile creep rate as predicted by the author’s theory. 
This is illustrated in Fig. 8 of this discussion, by the dashed curve. 

It should be emphasized that these results are for fairly high 
rates of creep. The particular test conditions of 23,000 psi, 900 
F and 9200 psi, 1050 F, are in the region in 
which creep of tubular specimens has been 
found to be less than tensile specimens 
when compared on the basis of equal hoop 


Time, hr Tensile psi — values from and tensile stresses.?4 

mean of rate, -—time-elongation curves—. -——-corrected to mean radius——. 

400-hr 20,000 psi */s-In, wall, wall, —1/e-In. wall —1/s-In. wall While the present tests seem to indicate 
intervals stress, ui/u w/u that’ better correspondence exists between 

600 2.76 2.50 2.50 2.67 0.97 3.05 em! af 

1000 2.28 224 2124 1:06 2.75 1.2 Creep rates of closed-end tubes and tensile 

2. 2.14 1.17 rates, if the circumferential tube stress is 15 

2600 0.94 1.00 1.22 1.30 per cent higher than the tensile stress, it 

** should be remembered that in pipe design 
Note: 


longitudinal thrust may balance the longi- 
tudinal force due to internal pressure and 
give the equivalent of an open-end condi- 
tion. Bending moments also place one side 
of the pipe in compression. The greater 
circumferential creep of the side of a pipe 
under longitudinal compression due to bend 


u= tensile creep rate, per cent in 100,000 hr. 
wu’: = circumferential rate, per cent in 100,000 hr, determined from prints of daily plotting of 
Professor Norton's time-elongation curves. 
u= SL i per cent in 100,000 hr, corrected to mean radius by Professor Soderberg’s 
uation 


w= ut (1 + 
where t = wall thickness, in. 
R = mean radius of tube wall, in. 
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ing has been observed qualitatively on several occasions where 
pipe has become oval in service. 

Thanks are due to Professor Soderberg for his interpretation of 
Professor Norton’s test data and his rationalization of the manner 
in which measured elongations on the outside of tubes may be 
corrected to the mean radius. It is hoped that this re-examina- 
tion of the creep rates, obtaining at comparable intervals through- 
out the tensile and tubular tests, will be considered as an effort to 
secure better correlation between the proposed theory and the 
test results rather than a criticism of the method of comparison 
used in this paper. 


C. O. Ruys.** The writer has studied Professor Norton’s re- 
sults, in Table 1 of his paper, with considerable interest. The 
data from his tensile tests for a creep rate of 1.2 per cent per 
100,000 hr, when plotted on semilog paper, Fig. 9 of this discus- 
sion, show a remarkable agreement with our design stresses for 
4-6 per cent chrome-molybdenum steel. The slopes are identical 
and Professor Norton’s stresses for 1.2 per cent per 100,000 hr are 
slightly more than ours for 1 per cent per 100,000 hr. Our design- 
stress curves follow Bailey’s creep law and are average values of 
creep-stress data from a number of sources. 


20 
* MOLYBDENUM STEEL 1.2 PER CENT PER 100,000 HR 
FROM PROFESSOR NORTON’S DATA 
| 
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Fic. 9 CoMPARISON OF Prorgessor Norton’s CrEEP-RaTE Data 
Wits THose or Various OTHERS 


We have also applied our tube-calculation procedure to Profes- 
sor Norton’s test values for tubular specimens, and give the re- 
TABLE 6 RESULTS OF APPLYING STANDARD OIL DEVELOP- 


MENT COMPANY'S TUBE-CALCULATION PROCEDURE TO PROF. 
NORTON'S TEST VALUES FOR TUBULAR SPECIMENS 


Metal temperature, F...... 900 900 1050 1050 
1490 4780 596 1911 


a Creep stress corresponding with circum- 
ferential creep rate at outside surface, 


© Circumferential creep rate at outside sur- 

face, per cent per 100,000 hr........... 1.022 0.93 7.1 6.2 
¢ Experimental values of foregoing creep 

rate, per cent per 100,000 hr........... 1.5 0.9 8.7 6.5 


@ Calculated by Bailey’s equation. This is the stress in simple tension 
which will give the circumferential creep rate at the outside tube surface for 
axial and poem stresses. Radial stress is zero. 

> Calculated by Bailey’s creep law. Physical constants taken from Table 
1 of Professor Norton’s paper.! 

© From Table 1 of Professor Norton’s paper. 


sults in Table 6. Our calculations are based on Bailey’s theory, 
which does not require Professor Soderberg’s assumption of a thin 


*? Process Engineering Department, Standard Oil Development 
Cempany, Elizabeth, N. J. 


tube. We were enabled to determine the creep rate at the outside 
surface for direct comparison with Professor Norton’s results. 
No correction for creep at the mean radius is necessary. The 
agreement is rather better than that obtained by the application 
of the Mises-Hencky theory. It will be noticed that the tests do 
not all show higher creep rates than those found by Bailey’s 
theory, as they do for the Mises-Hencky theory, the differences 
being in both directions. 

We note Professor Soderberg’s criticism of Bailey’s theory as 
being unnecessarily complicated. As far as its application to a 
thick tube, subjected to internal pressure and heat transfer, is 
concerned, the reasoning is about as simple as that for the ordi- 
nary theory of thick cylinders. From Bailey’s final equations we 
have devised a procedure by which tube calculations can be made 
easily and quickly. This check on Professor Norton’s results is 
an example of the application of our procedure. 


Ernest L. Rosinson.?* When the tests, which are the subject 
matter of the two papers under consideration, were projected several 
years ago, the writer pointed out that, if the results were to be 
used to check the theories for creep under compound stress, the 
specimens should be manufactured from a forged billet as nearly 
isotropic as it could be made. 

It was, however, deemed more important to secure information 
on the creep behavior of tubes as usually manufactured, and the 
test specimens were, therefore, made to simulate actual piping, 
although they were made extra thick, so tensile-test specimens 
could be obtained out of the wall thickness. The method of 
manufacture was, therefore, such as might tend to some fibrous 
condition in a longitudinal direction. Just how important such 
effects are in the creep behavior of piping is not known. Indeed 
it was one of the objects of this test setup to try to evaluate these 
effects. 

Six years ago a paper*‘ was presented by L. L. Wyman which 
gave creep-test results showing that banded specimens of nickel- 
chrome-molybdenum steel might be only !/; or !/, as strong in 
creep as more homogeneous materials. Such nonuniform speci- 
mens may creep many times as fast as more uniform material. 
While the material used by Project 10 is undoubtedly much more 
uniform than that described by Wyman, yet we must be prepared 
to accept deviations of behavior from a theory based on isotropic 
material. 

In this connection, it is also well to recall the fact that the De- 
troit test results, described by Van Duzer and McCutchan,?%?! 
for the most part showed definitely more creep than called for by 
theory, even going so far as to exceed the creep in tension under 
the same load. 

TABLE 7 CREEP RATES SCALED FROM AUTHORS’ CURVES 

FOR VARIOUS TIMES 


Nominal Creep rates, per cent per 100,000 


Temp, stress, Type of hr, at indicated time————. 
F psi test 2 4 6000-hr 
900 13000 Tension 0.2 0.2 0.2 
900 20000 Tension 1.0 1.0 1.0 
900 23000 Thin tube 2.0 2.150 ées oe 
900 23000 Thick tube 1.6 1.95¢ 

1050 5000 Tension 2.0 1.2 1.1 
1050 8000 Tension 8.5 8.5 10.0 
1050 9200 Thin tube 9.5 10.1¢ 
1050 9200 Thicktube 8.0 9.754 


@ Corrected for thickness in same way used by author. 


Another important consideration in checking a theory is the 
legitimate range of interpretation of the test results. Regarded as 
creep tests, the data presented by Professor Norton appear highly 
satisfactory but, especially at the lower rates, there appear to be 


23 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

24 **The Creep of Steels as Influenced by Microstructure,”’ by L. L. 
Wyman, Mechanical Engineering, vol. 57, 1935, pp. 625-627. 
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legitimate differences of interpretation possible. Thus, the writer 
has scaled the resulting creep rates both from the small-scale 
curves accompanying the paper and from the larger-scale blue- 
prints circulated to the subcommittee and has listed, in Table 7 
of this discussion, the resulting creep rates at 2000, 4000, and 6000 
hr for comparison with the results given by the authors. 

The writer does not wish to substitute these results for those 
presented by the authors. The important point to note is the 
magnitude of the differences which may be regarded as legitimate 
differences of interpretation. Thus, the higher rates, given by 
the authors for the tensile tests at 900 F, can easily be obtained 
by scaling slopes at a time somewhat less than 2000 hr. On the 
other hand, the figure of 6.5 for the thick tube at 1050 F seems to 
the writer to correspond with a time at which leakage was occur- 
ring and, therefore, that a figure of 8 would better represent the 


test result. Furthermore, the writer scales larger slopes than the 
40,000 | | [xrectep 
30,000 THICK TuBE 
900 | 
(9000 ExpecteD| Tuse 


STRESS, 
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CREEP RATE % PER l00,000 HR. 


Fig. 10 Comparison OF MEASURED WITH ExpEcTED CREEP RATES 
InN TUBE SPECIMENS 


(The results of the tension tests as interpreted by the authors are shown by 
the fuli circles connected by the full lines. The discusser’s interpretation 
of the same results is given by the dotted circles and dotted lines. The 
crosses at the higher bursting stress used in the tubes represent the creep rate 
in the tube ro agree in accordance with the theory. The measured creep 
rates in the tube, corrected to mid-thickness, are shown by triangles. The 
full triangles represent the interpretation given by the authors and the broken 
triangles the interpretation of the discusser.) 


authors for each of the tube tests in contrast to smaller or equal 
slopes for the tension tests. This exaggerates the relative excess 
creep of the tube tests, as compared with theory. 

In the writer’s opinion, when the lower stressed tube tests still 
on the program have been completed, a more profitable compari- 
son with the theory will be possible. Thus, from the plotted re- 
sults, it will be possible to compare the relative creep rates which 
would be caused by equal tensile stress and bursting stress at 
various levels instead of at a single level. To the ordinary per- 
son’s mind such comparisons seem more understandable than 
when both stress and rate are varied. 

Professor Soderberg has chosen a bursting stress unequal to the 
tension-test stress, because his theory shows that, regardless of 
the slope of Norton’s log-log plot of rate versus time, a 15 per 
cent greater bursting stress will result in a 15 per cent smaller 
creep rate than that which occurs in the tensile specimen. Even 
if we did succeed in measuring exactly this set of ratios for these 
particular stress conditions and, in addition, note zero elongation 
of the tube as called for by theory, a wider comparison of rela- 
tions would seem to constitute a more convincing justification of 
the theory. 

Some years ago both Bailey* in England and Soderberg* *° in 
this country published theories of creep under conditions of com- 
pound stress. It is to be noted that, when the bursting stress in 
the thin tube is made equal to the tensile stress in pure tension, 
the maximum tension stress and the maximum shear stress are the 
same in both cases. Under such conditions, the two theories 


% ‘‘The Interpretation of Creep Tests for Machine Design,” by 
C. R. Soderberg. Trans. A.S.M.E., vol. 58, 1936, pp. 733-743. 
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referred to yield algebraic relations representing the ratio of the 
circumferential creep in the tube to the longitudinal creep in the 
tensile specimen as follows 

According to Bailey 


3” (2* + 1) 
where n = 2m + q. 
According to Soderberg 
n+1 
3 2 


The more complicated expression given by Bailey is identical 
with that given by Soderberg in two cases, namely, when gq = 1 
and when g = 3. 


In Fig. 10 of this discussion, the writer has plotted in full lines" 


results of the various tests as reported by the authors, the creep 
rates for the tube samples being corrected, as outlined by Pro- 
fessor Soderberg. 

The writer has added his own interpretation of the results in 
dotted lines, again not claiming any greater validity but simply 
to show the breadth of interpretation possible. 

From the two test results in tension at each temperature, it is 
possible to predict the tensile creep rate under the same loading as 
used in the tube, and thus to determine the ratio of the creep rate 
measured in the tube to the predicted rate in tension for compari- 
son with the theory. Such a comparison is shown in Table 8 of 
this discussion. 


TABLE 8 COMPARISON OF CREEP-RATE DATA, AS 
CALCULATED, WITH THEORETICAL 


(900 F; 23,000 psi) 


_ Authors’ _ Discusser's 
— interpretation 
( 5; 10, ig. 10, 
full lines) dotted lines) 
Tension creep rate indicated by test..... 1.9 1.65 
Slope of log-log plot, n............se00- 3.1 3.7 
Theoretical ratio, tube/tensile creep... .. 0.56 0.51 
Expected tube creep rate............... 1.06 0.84 
Measured-tube creep rate (hin 1.6 2.15 
(corrected for thickness) |thick....... | 1.95 
Actual ratio, tube/tensile creep 
(1050 F; 9200 psi) 
Tension creep rate indicated by test..... 15.0 13.0 
Slope of log-log plot, n..... pevevcccccees 4.1 3.1 
Theoretical ratio, tube/tensile creep... .. 0.49 0.56 
Expected tube creep rate............... 7.3 7.3 
Measured-tube creep rate /thin........ 9.3 10.1 
(corrected for thickness) \thick....... 7.9 9.75 
Actual ratio, tube/tensile creep 


The theoretical ratios in Table 8 are given for the Soderberg 
theory. These ratios may be varied over a narrow range by 
assuming various combinations of m and gq in the Bailey formula- 
tion, but they cannot possibly be made to account for the larger 
observed values even by making m = 0 and q = n. 

All in all, it seems to the writer that materials being what they 
are, a too complicated theory of creep behavior is not warranted. 
We do need to have some notion of the relative strength and 
behavior of materials under compound stresses as compared 
with simple tension or simple shear, but we cannot forget that, 
even with the most careful laboratory technique, successive test 
bars are likely to differ very noticeably in creep behavior. We 
must, therefore, not lose sight of the fact that the main object of 
running these tests and developing a theory is to discover what is 
going on rather than to set up an exact science of calculation. 
Unfortunately, one cannot set up a theory in mathematical form 
without having it evaluated numerically. That is what a theory 
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ismade for. Test results of the sort presented by Professor Norton 
are urgently needed and in larger volume. At the same time, 
analytical interpretation such as presented by Professor Soderberg 
is also necessary, and the fact that rather wide deviations from it 
are observed under test circumstances does not mean that we 
cannot make good use of it for understanding behavior and apply- 
ing test results. For intelligent engineering design, we must have 
a theory and must also have a notion as to its limitations and be 
prepared to accept both. 


CLosurE By C. R. SODERBERG 


Referring to the discussion by Mr. Clinedinst, it should be 
noted that the “condition of plasticity,” as given by Equation 
[14] of Nddai,' is not directly applicable to the case of creep. 
This condition of plasticity postulates a constant value of the 
yield strength in tension. For the case of creep it is necessary 
to relate this yield strength to the creep rate. 

An investigation of the influence of the tube thickness will be 
presented as a part of the concluding report of these tests. The 
results show that the influence may be even greater than that 
predicted by Mr. Clinedinst. 

On the basis of these results, it is evident that the test pres- 
sures should be raised for the thick tubes, in order to obtain a 
close comparison with the tension tests. This would have the 
effect of raising the creep rates of the tubes to values about 
equal to the creep rates of the tension test at ./3/2 times 
the tangential tests of the tubes. As shown by Messrs. van 
Duzer and McCutchan, however, the creep rates must be ex- 
trapolated to equal times to justify the application of the 
theory. The authors are indebted to Mr. Clinedinst for raising 
this question. 

Following the presentation of this paper Dr. Jacobus kindly 
submitted to the author the data which he and his associates had 
used in the evaluation of stress limits for boiler tubes, based on 
their interpretation of the Bailey theory. Applying the analysis 
referred to in connection with Mr. Clinedinst’s discussion, it 
was found that the limiting heat flows established by Dr. Jacobus 
involve an extra safety factor of about 1.15, which is due prin- 
cipally to the lower weight of the shearing stress assigned by the 
Mises-Hencky theory as compared with that of the maximum- 
shear theory. This is a difference on the safe side, which cer- 
tainly may be ignored until our experimental knowledge is more 
precise. However, the author’s analysis also shows that the 
intensity of stress at the inner bore is higher than that antici- 
pated by Dr. Jacobus. The difference is about 20 per cent, and 
in the author’s opinion, it should receive some attention in a future 
revision of the limiting heat flows, particularly in view of the dan- 
ger of intercrystalline fractures. : 

The only aspect of Dr. Kanter’s discussion which the author 
wishes to question is the fundamental one of treating the phe- 
nomenon of creep as a viscous flow with variable intrinsic viscos- 
ity. Asa phenomenological description of the creep phenomenon 
it may be defended on a purely pragmatic basis, but the author 
finds it difficult to see any particular significance in the introduc- 
tion of the flowability factor as defined by Equation [26] of Mr. 
Clinedinst’s discussion. After all, this definition of viscosity has 
logical justification only for gases, although it may also be ex- 
tended to liquids. When dealing with solids, however, the intro- 
duction of this term seems extremely arbitrary. If a sound 
phenomenological approach is to be made, it seems necessary to 
assume that a relation between stress, strain rate, strain, and time 
be made of the form 


[38] 


when the function ¢ has a meaning akin to Dr. Kanter’s flowabil- 
ity function, but where the additional functions y and @ play an 


even more important role.** The present creep data do not afford 
sufficient information for the evaluation of these three functions, 
but this is due to the inadequacy of present testing methods. 

This difference in outlook, however, does not invalidate Dr. 
Kanter’s conclusions about the possible influence of the hydro- 
static pressure. The author is prepared to agree that we are 
unable at the present time to state with assurance that the hydro- 
static component of the stress does not influence the creep phe- 
nomena. The only statement which can be made is that the 
assumption of constant volume for the steady state of plastic flow 
seems to give results which check tolerably well with experiments. 
To go further than this requires an exposition of consistent diver- 
gencies between experiments and the present theory. The experi- 
mental results are far too uncertain to form the basis for such a 
conclusion at the present time, and no improvement of testing 
technique is in sight which would offer any immediate hope of 
such an exposition. If the volume does remain constant, how- 
ever, and if the hydrostatic component of stress is without effect 
on the plastic flow, it is necessary that the tangential creep rate 
is ./3/2 times the creep rate of the tensile test under the same 
stress intensity. _ 

The author agrees fully with the statement made by Messrs. 
van Duzer and McCutchan that the creep rates for the tensile 
tests and the tubes should be compared at the same time inter- 
vals from the beginning of the test. As already mentioned by 
Professor Norton,* it was considered best to leave this to the final 
report. While a more complete discussion on this point must be 
deferred until the final report, it seems reasonable to conclude at 
the present time that the tangential creep rates of the tubes will 
be somewhat greater than those called for by the present theory. 
If the theory had demanded that the tangential creep rate of the 
tube be equal to that of the tensile test at equal stress intensity, 
all concerned would probably be satisfied that the theory had 
proved itself to be correct. The fact remains, however, that the 
theory demands that the creep rate of the tube be ./3/2 times 
that of the tensile test, and the cause of the discrepancy must be 
searched for either in the premises of the theory or in the inter- 
pretation of the tests. It is quite possible that the premises of the 
theory are only approximately fulfilled. It is also possible that 
the final check of the dimensions of the tubes will require some 
correction of the final experimental data. It is questionable, 
however, whether the present tests will give results of sufficient 
accuracy to settle this point definitely. 

In connection with Mr. Rhys’s discussion the author would like 
to point out that the reference to the relative complexity of 
Bailey’s theory® referred to the underlying reasoning rather than 
to the complication of the final formulas. In using the Bailey 
theory® it is necessary to make a decision of the values of m and 
n to be used. If n — 2m = 1 the two theories are identical. 
The only basis for assigning other values to these exponents would 
be the results of extensive series of tests of creep rates in two or 
three dimensions. Such tests are very scarce so far, and those 
available do not possess the precision required for a reliable esti- 
mate of these quantities. As far as the author knows, no convinc- 
ing case has yet been made for this complication of the analysis. 

Mr. Robinson shows that the present test results may be sub- 
ject to a wide range of interpretations and that they cannot be 
made into a conclusive proof or disproof of the present theories of 
creep. This point is well taken, and the author would like to em- 
phasize further the fact that present-day creep tests are alto- 
gether too inaccurate to be made a basis for a clinching proof of 
any theory. It must not be forgotten that the circular tube is a 
rather unfortunate choice for the investigation of creep in two 


*¢ “Plastic Flow and Creep in Polycrystalline Materials,” by 
C. R. Soderberg, Proceedings of the Fifth International Congress for 
Applied Mechanics, Cambridge, Mass., 1938, pp. 238-244. 
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dimensions. After all, the problem is to establish the influence of 
the second principal stress when it is superimposed upon the first. 
In the tube the axial stress is only one half the tangential stress 
and the effect upon the tangential creep rate of the intensity of 
stress is reduced from unity in the tension test to »/3/2 in the 
tube test. From the point of view of confirmation of a creep 
theory the thin sphere under internal pressure would be much bet- 
ter, because here the two principal stresses are alike and the result 
of a certain intensity of stress is reduced to '/: as compared with 
a tension test. Moreover, if the main object of the present series 
of tests had been to afford a confirmation of the theory they cer- 
tainly should have been prepared from a forged billet in the man- 
ner proposed originally by Mr. Robinson. 

The author feels that the tests as made have practical justifica- 
tion but would caution against their being used rigidly to prove 
or disprove any theory. As long as the results are applied to 
tubes, it is relatively unimportant whether the results are pro- 
jected against the intensity of stress, or against the tangential 
stress. This distinction becomes important, however, if the re- 
sults are used to predict creep phenomena in other forms of stress 
application. 


CrosurE BY F. H. Norton 


The discussion presented by Mr. Kanter brings out the fact, 
not clearly shown in the progress report, that in some cases the 
tubular specimen showed a small but definite longitudinal creep. 
In some cases this creep was an elongation and in other cases a 
contraction. The author quite agrees with Mr. Kanter that 
this effect is due to some directional effect left in the metal during 
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the forming of the tube. This creep, however, is very small 
compared with the circumferential creep, not amounting in any 
case to more than a few per cent of the latter. 

Mr. Van Duzer is quite correct in concluding that the tensile 
tests and the tubular tests should be compared at equal time 
intervals, and this will of course be done as nearly as possible in 
the final report. Some of the specimens which are now running 
are showing lower rates than they did when the data were pre- 
sented in the progress report. 

The data presented by Mr. Rhys showing the very gratifying 
agreement between his results and the results presented in the 
progress report are most interesting, and it is hoped that when the 
final values are presented this agreement will be equally good. 

Mr. Robinson is undoubtedly correct in assuming that there 
are directional effects left in the tube material, but due to the 
fact that the tube was machined both inside and out and care- 
fully annealed these should be small. The fact that the longi- 
tudinal creep was not always zero, as the theory would demand, 
would indicate that some of these effects were present, but to a 
very small degree. In regard to Mr. Robinson’s point that 
various interpretations can be made from the curves, it should 
be stated that the gage length for the circumferential flow is 
only 4 in. and that the precision especially at the low rates, 
cannot be as great as for our usual 10-in. specimens. Therefore, 
we should not try to read into the low-rate curves too much 
exactness. Only by a considerable number of very long time 
tests can we hope to approach a final accurate value. The tests, 
however, should show the trend and, to a fair degree, should 
approximate values. 
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Effect of Grain Size and Structure on 


Carbon-Molybdenum Steel Pipe 


An Investigation of These Properties for Their Bearing on Suitability 
of Such Pipe for High-Temperature Steam Service 


By A. E. WHITE,’ ANN ARBOR, MICH., ann SABIN CROCKER,? DETROIT, MICH. 


This paper gives the results of an investigation sponsored 
by The Detroit Edison Company at the University ot 
Michigan for the purpose of relating the grain size and 
grain structure of carbon-molybdenum steel pipe to its 
high-temperature creep properties at 925 F. Pipe speci- 
mens were obtained from eight different heats of carbon- 
molybdenum steel, six being made by the open-hearth, 
and two by the electric-furnace process, and an attempt 
was made to correlate the respective creep strengths at 925 
F with other significant properties obtained through short- 
time tests. At this stage of the investigation no apparent 
relationship was found. Further tests were conducted on 
heat-treated specimens from a single heat of steel which 
had been made by a preferred melting practice. From 
these tests, it is evident that, if the carbide structures are 
of a Widmanstiatten type, with grain sizes ranging from 
2 to 7, the steels will have high-temperature creep proper- 
ties superior to those in which the carbides are in other 
conditions or forms. It is also believed that too great an 
emphasis has been placed on grain size and not enough on 
type of carbide structure. It is felt that consideration 
should be given to both factors, though with greater em- 
phasis on the type of carbide structure. 


T THE present time, the generally accepted material for 
seamless pipe intended for steam service at 900 to 925 F 
is a 0.1 to 0.2 per cent carbon, 0.45 to 0.65 per cent molyb- 

denum steel popularly known as carbon-moly. Pipe of this sort is 
commonly ordered to A.S.T.M. Specification A206.* Allowable 
working stresses (S values) for this material at various tempera- 
tures are established in the A.S.M.E. Boiler Construction Code 
and in the A.S.A. Code for Pressure Piping. These stresses are 
set with the expectation of a sustained useful life of the material 
of 100,000 hr or more, with a creep of something under 1 per cent. 
Fortunately, since corrosion is not a factor of major importance 
with superheated steam at 900 to 1000 F, design can be based on 
load-carrying ability rather than on corrosion resistance. 

For many years, the very considerable opportunity for saving 
fuel through using higher operating temperatures has kept steam- 
power engineers and their metallurgical advisers in constant pur- 


! Consulting Engineer, The Detroit Edison Company, and Director 
of Engineering Research, University of Michigan. Mem. A.S.M.E. 

4 Senior Engineer, Engineering Division, The Detroit, Edison Com- 
pany. Mem. A.S.M.E. 

*A.S.T.M. Tentative Specification A206-39-T, ‘‘Seamless Carbon- 
Molybdenum Alloy-Steel Pipe for Service at Temperatures From 
a F,” A.S.T.M. Standards for 1939, part 1, Metals, pp. 

3-861. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THz AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. ‘ 


suit of better materials. In this sense a “‘better material’? may 
be another material having properties superior to those pos- 
sessed by metals already in use, or it may mean bringing out bet- 
ter properties in ostensibly the same material through improved 
steel-melting practice, heat-treatment, or the like. In either 
case, it is logical to strive for the optimum properties obtain- 
able for any given material through properly directed metallurgi- 
cal control. 


AccEPTANCE CRITERIA NEEDED 


Owing to the comparatively recent application of carbon- 
molybdenum steel to superheated-steam pipe, much remains to 
be learned about how to melt and heat-treat steel of this com- 
position in order to get best results in high-temperature service. 
While in the ultimate analysis all possible variations in the prod- 
uct should be weighed on the basis of performance in service, 
this takes years of time and more immediate criteria of expected 
behavior are badly needed. Hence, the interest in finding prop- 
erties to serve as bases for short-time acceptance tests which can 
be linked with full-life performance. 

Among the various possible short-time performance criteria 
for this and other materials heretofore considered by various in- 
vestigators are: (a) yield point or proportional limit at operating 
temperature; (b) time-yield stress; (c) time versus stress to rup- 
ture; (d) relation of equicohesive temperature to service tem- 
perature; (e) austenitic or ferritic grain size; and (f) grain struc- 
ture. 

The great number of variables encountered in trying to effect 
metallurgical control, coupled with uncertainty as to which of 
these actually have much significance in determining high-tem- 
perature properties, have all but baffled rational analysis. To cite 
a single example of the difficulties encountered, specimens from 
practically identical analyses of carbon-molybdenum steel pipe 
with identical heat-treatment have shown creep rates‘ of the order 
of 10 to 1, refer to chart 1, Figs. 1 to 8. Obviously, chemical 
composition and heat-treatment alone cannot be the criterion of 
high-temperature behavior, and some other factor, such as steel- 
melting practice, with its attendant effect on grain size and struc- 
ture, must be responsible for these discordant results. One clue 
to this enigma lies in the supposition that steel-melting practice 
and heat-treatment tend to establish grain size and structure or, 
in other words, that they constitute a cause with grain size and 
structure as effect. In this way the grain size and the structural 
characteristics of the grains should serve as thumbprint patterns 
to link the antecedents of a given steel with the behavior to be 
expected of it in service. Present knowledge of the subject is too 
meager to permit saying as yet whether grain size and structure 
are in themselves the cause of variation in high-temperature prop- 
erties of materials, or whether they are merely symptoms in- 
dicative of proper antecedents or of other properties of a hidden 


* Whereas creep rates may be of the order of 10 to 1, corresponding 
creep strengths for 1 per cent in 100,000 hr probably would be more 
like 1 to 2, or 2 to 3. 
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CHART 1 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1941 


EFFECT OF NORMALIZING AND DRAWING ON GRAIN SIZE AND STRUCTURE, AND CREEP PROPERTIES ad —_ 


HEATS OF CARBON-MOLYBDENUM STEEL PIPE: HEATED 1 HR AT 1650 F, AIR-COOLED, AND DRAWN 1 HR AT 1 


Widmanstatten 
0.3 


Mg | 


tp 
Fig. 3 
(a) (e) 
7 to 8. (f) 
c) Sorbitic pearlite (9) 
(d) 1.2 


14300 
2.0 
100 


Nore: 


x 


pearlite 


$ 


Fig. 4 
2490 
7 to8 
pearlite (g) 


14100 
2.25 
100 


(a) Heat; (6) A.S.T.M. grainsize; (c) carbidestructure; (d) creep rate, 15,000 lb stress at 925 F, per cent per 100,000 hr; (e) creep strength, 


psi at 925 F, 1 per cent per 100,000 hr; (f) aluminum added, lb per ton; (g) magnification. 


but significant nature, as intimated in the 1940 report of the 
A.S.M.E.-A.S.T.M. Joint Committee on the Effect of Tempera- 
ture on the Properties of Metals. 

In either event, grain size and structure should be a useful guide 
in appraising the probable behavior of the steels in service, and 
one which may be of value as an acceptance test in selecting 
material for high-temperature service. Not only is it important 
to know the significance of such factors as steel-melting and 
heat-treatment practice in advance, but from a purchaser’s stand- 
point it is even more important to be able to judge from chemical 
analysis and metallographic examination whether the material 
offered will have the hoped-for high-temperature properties. 


EvoLuTIon oF ProJEctT 


This investigation of carbon-molybdenum steel pipe, which was 
5 Refer to p. 28 of report. 


supported by The Detroit Edison Company, was conceived origi- 
nally in the fall of 1936 as a means of finding a short-time ac- 
ceptance test for the material which would be indicative of its 
probable behavior in service at 925 F. At the outset, pipe speci- 
mens were obtained from eight different heats of carbon-molybde- 
num steel, six being made by the open-hearth and two by the 
electric-fuinace process, and an attempt was made to correlate 
their respective creep strengths at 925 F with other significant 
properties. In order to eliminate any variables arising from heat- 
treatment, the original specimens were all heat-treated according 
to the following requirement: 

‘Pipe shall be tested in the normalized and drawn condition. 
Normalizing shall consist of heating the finished pipe to 1650 F 
and cooling in still air to 800 F or below. Drawing shall consist 
of reheating the normalized pipe to 1200 F and allowing to cool 
slowly.” 


Fig. 1 Fig. 2 
(a) 4129 (e) 17400 (a) 6442 (e) 14500 
(f) 1.2 (6) Zto8 yy 1.6 
(d) 
2 
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CHART 1 (Continued) EFFECT OF NORMALIZING AND DRAWING ON GRAIN SIZE AND S 
SEVERAL HEATS OF CARBON-MOLYBDENUM STEEL PIPE; HEATED 1 HR AT 1650 F, AIR- 


TRUCTURE, AND CREEP PROPERTIES OF 
COOLED, AN D DRAWN 1 HR AT 1200 F 


Ay 


Fic. 5 
4 a) i (e) 13900 (a) 43674 (e) 12800 
6to8 2.0 (+) 7to8 0 
Sorbitic pearlite 9) X100 (c) Sorbitic pearlite (9) 
d) (d) 2.1 
Fic. 7 Fig. 8 
(a) W.Y.F. (e) 12500 (a) 4493 (e) 12000 
(b) 7to8 (f) 2.25 | (b) 7to8. (f) 2.25 
(c) Sorbitie pearlite (9) X100 (c) Sorbitic pearlite (9) 
(d) 2.3 (d) 2.9 


(Refer to note on opposite page for letter key.) 


Although numerous tests were made to determine various _ being carried on in the laboratories of the General Electric Com- 
room-temperature properties and short-time properties at 925 F, pany. Arrangements were made to secure specimens from 
no significant relation was found at the time between these proper- pipe (heat 7011 and T.C.) which had been given a heat-treat- 
ties and the respective creep strengths of the different specimens. ment conducive to producing the large grains which were 
Neither was any particular superiority observed in the open- thought to be associated with superior high-temperature prop- 
hearth process over the electric-furnace process, or vice versa. erties. In order to produce the desired grain size of 3 to 6, rather 
Among the possibilities studied was time-to-rupture under a drastic heat-treatment was found necessary, requiring holding 
stress calculated to produce failure within a day or two. Unfor- the temperature for 2 to 3 hr at 1900 to 1975 F. At that time, 
tunately, the required loading produced strain-hardening of the it was held by some of the proponents of large grain size that the 
material at 925 F and the results were discordant. At this stage material should be full-annealed rather than normalized. 
of the investigation, the possibility of finding a satisfactory short- However, the creep strengths of the annealed specimens from 
time acceptance test was not promising. heat 7011 and T.C., despite their large grain size, were decidedly 

Shortly thereafter, however, the authors’ attention was called inferior to the creep strengths of the other heats which were in 
to an investigation® of the effect of grain size on creep strength a normalized and drawn condition. 

* “Actual Grain Size Related to Creep Strength of Steels at Ele- The sie ults confirmed the belief, already : held by many, that 
vated Temperatures,” by S. H. Weaver, Proceedings American Soci- &Tain size in itself was not the main contributing factor to the 
ety for Testing Materials, vol. 38, 1938, part 2, pp. 176-181. attainment of the desired high-temperature properties in a 
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TABLE 1 


no. stee Mn P Si 
4299 OH¢ 0.14 0.43 0.010 0.016 0.110 
4129 OH 0.15 0.41 0.014 0.014 0.19 
4493 OH 0.16 0.45 0.009 0.021 0.14 
6442 OH 0.17 0.52 0.011 0.018 0.16 
11919 0.15 0.47 0.013 0.017 0.13 
2490 EF» 0.15 0.59 0.009 0.020 0.19 
11067 0.15 0.51 0.010 0.011 0.28 
43674 OH 0.21 0.48 0.019 0.028 0.31 
OH 0.13 0.50 0.13 
7011 OH 0.16 0.47 0.014 0.020 0.14 
OH 0.17 0.15 
@ OH = open-hearth. 


6 EF = electric-furnace. 


TABLE2 PHYSICAL PROPERTIES AT ROOM TEMPERATURE OF 
DESIGNATED HEATS OF CARBON-MOLYBDENUM STEEL PIPE 


Heat- 


treat- Tensile Yield stress, Elongation, Reduction 

Heat ment or strength, psi, 0.2 per cent of area, 

no. condition psi per cent set in 2 in. per cent 
4299 As-rolled 59250 33750 35.5 65.4 
4299 A 55250 27875 36.7 61.5 
4299 B 54700 27750 36.7 63.0 
4299 Cc 65225 38125 33.5 67.6 
4129 D 900 40000 36.8 cog 
4493 E 59500 30000 36.3 67.9 
4493 D 500 35000 41.8 76.0 
6442 D 60800 36250 40.0 74.1 
11919 D 58900 35000 40.8 74.2 
2490 D 61700 40000 38.5 76.8 
11067 D 64400 40000 38.5 76.7 
43674 D 71700 43250 35.5 69.3 
W.Y.F D 58100 35000 39.8 76.2 
7011 F 57250 25600 39.5 60.1 
TC G 54000 28000 41.5 67.0 


(A) Heated to 1700 F and held for 2 hr to coarsen grain; furnace-cooled 
at 50 F per hr to below 1000 F. 

(B) ater-quenched from 1800 F to simulate fabrication; heated to 1700 
F and pe for 2 hr to coarsen grain; furnace-cooled at 50 F per hr to below 


1000 

(C) | Water-quenched from 1800 F to simulate fabrication; heated to 1700 
F and held for 2 hr to coarsen grain; air-cooled. 

(D) Heated to 1650 F and held for 1 hr followed by air cooling; reheated 
to 1200 F and held for 1 hr, followed Ad air cooling. 

(E) Hot-rolled followed by 1300 F 

i Heated in range 1925 to 1975 F for 3 hr to coarsen grain; furnace- 

coo. 

(S), Heated in range 1900 to 1925 F for 2 hr to coarsen grain; furnace- 

cooled 


TABLE 3 PHYSICAL PROPERTIES AT 925 F OF DESIGNATED 
HEATS OF CARBON-MOLYBDENUM STEEL PIPE 


Heat- 


treat- Tensile Yield stress, Elongation, Refestion 

Heat ment or strength, psi, 0.2 per cent of area, 

no. condition psi per cent set in 2 in. per cent 
4299  As-rolled 50000 6250 27.5 69.0 
4129 D 56900 26250 28.8 73.4 
4493 E 50750 25250 29.8 73.6 
4493 D 51100 22000 34.3 82.8 
6442 D 52100 23250 33.0 82.2 
11919 D 52100 23000 33.5 83.2 
490 D 50900 23500 34.3 83.4 
1067 D 49900 25500 33.8 79.2 
43674 D 57000 28000 32.3 5 
W.Y.F. D 50700 21300 33.0 82.3 
7011 F 51250 27000 31.0 78.3 
TC G 23000 32.0 80.3 


(D) Heated to 1650 F and held for 1 hr, followed by air cooling; reheated 
to 1200 F and held for 1 hr oes by air cooling. 

(E) Hot-rolled, followed by 1300 F process-anneal. ? 

iF Heated in range 1925 to 1975 F for 3 hr to coarsen grain; furnace- 
cooled. 

~, Heated in range 1900 to 1925 F for 2 hr to coarsen grain; furnace- 
cooled. 


given type of steel. In fact, the General Electric engineers, who 
advanced the theory on grain size, recognized at the time they 
advanced it that other factors were involved. 

There is, however, a tie-in between grain size and steel-melting 
practice. An improperly killed steel on heating to temperatures 
around 1700 F will remain fine-grained, whereas, a properly killed 
steel will show a grain size of 3 to 7 if annealed or normalized from 
this temperature. The American Society for Testing Materials, 
recognizing this condition, called for a 3 to 6 grain size in its A206 
specification’ for pipe. The determination could be made either 
on pipe when in the as-rolled condition (on the assumption that 
the pipe would be worked down to about 1700 F) or on pipe when 
annealed or normalized from 1700 F. 


NOVEMBER, 1941 


CHEMICAL COMPOSITION OF DESIGNATED HEATS OF CARBON-MOLYBDENUM STEEL PIPE 
Chemical composition, per cent 


Al added, 
Mo Cr Ni Al AlOs Ib per ton 
0.58 0 07 0.14 0.011 0.008 1.20 
0.58 0.06 Absent 0.043 0.010 2.25 
0.54 0.05 Absent 0.045 0.010 1.80 
0.55 0.02 Absent 0.020 0.010 2.00 
0.52 0.08 0 06 0.043 0.010 2.25 
0.58 0.08 0.14 0.022 0.010 2.00 
0.53 0.05 0.11 0.014 0.006 1.00 
0.52 0.06 Trace 0.042 0.008 2.25 
0.56 ex 


This was a step forward, but by no means a final solution to 
the problem, for the results of a number of investigations have 
shown that superior high-temperature creep properties were ob- 
tained from steel in the “as-rolled” or normalized conditions 
rather than in the annealed condition. 

A series of tests was made, therefore, on specimens from a 
single heat of steel, produced according to the preferred melting 
practice, embracing the various types of heat-treatment which 
it was felt would be of interest, viz. (a) as-rolled, (b) annealed, 
(c) annealed, preceded by a quench to simulate one of the possible 
conditions in fabrication practice, and (d) normalized, preceded 
by a quench to simulate one of the other possible conditions in 
fabrication practice. 

The results of this work, coupled with the findings of earlier 
work by the authors bearing on the subject of grain size, grain 
structure, and high-temperature properties, as well as a high-tem- 
perature test on an all-weld section, are given in the succeeding 
sections of this paper. 


Discussion OF RESULTS 


As previously mentioned, the initial investigation was made on 
eight heats of carbon-molybdenum steel. To these were added 
two heats received through the courtesy of the General Electric 
Company, and later a heat through the courtesy of the National 
Tube Company which had been produced according to what is 
now believed to be the preferred melting practice. 

Chemical Composition. The chemical compositions of these 
various heats are given in Table 1. These compositions, for the 
most part, are from drillings taken from actual sections of the pipe. 
Because of the general interest in aluminum additions in steel for 
high-temperature purposes, the amount of aluminum added in 
pounds per ton is also given in this table, as well as the amount 
of residual aluminum and aluminum oxide which was found in 
the original eight heats. All of the heats were of killed steel. It 
will be noted that the amount of aluminum added, expressed in 
pounds per ton, ranged from !/; lb to 2.25 lb. Further reference 
to this matter will be made in a later section of the paper. 

Physical Properties.1 The physical properties of these steel- 
at room temperature, with two heats showing different condi- 
tions of heat-treatment, are given in Table 2. The findings are 
without much significance. Based on the physical-property 
findings at room temperature, they show all the heats to be of 
an acceptable character. 

Short-time tests at 925 F, Table 3, were also made on these heats. 
Heat 4493 was in two conditions of heat-treatment. These find- 
ings, again, are of but slight significance beyond showing that, on 


7 Though impact properties should be given consideration in the 
selection of materials for high-temperature properties, the subject 
matter was not included as the authors desired to confine the paper 
mainly to a treatment of the relation of grain size and structure to 
creep properties. It is hoped, however, that at the time of the pres- 
entation of the paper, the authors will have some information to 
contribute on this subject. 
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CHART 2 EFFECT OF HEAT-TREATMENT ON GRAIN SIZE AND STRUCTURE, AND CREEP STRENGTH ON TWO HEATS OF CARBON- 


MOLYBDENUM STEEL PIPE 


Nore: 


Fig. 9 Fie. 10 
Heat-treatment Heat-treatment 
(a) 4299 As-rolled (a) 4299 Heated 2 hr 1700 F 
(6) 5to7 (6) 3to6 Cooled at rate of 50 F a hr to 1000 F 
(c) Widmanstitten (c) Pearlitic Air-cooled below 1000 
(d) 0.8 2.7 


Fig. 11 
Heat-treatment Heat-treatment 
4299 Heated 1 hr 1800 F (a) 4299 Heated 1 hr 1800 F 
3 to 6 Water-quenched (b) 2to6 Water-quenched 
Pearlitic Heated 2 hr 1700 F (c) Widmanstatten Heated 2 hr 1700 F 
3.8 Cooled at rate of 50 F per hr to 1000 F (d) 0.6 Air-cooled 
11250 Air-cooled below 1000 (e) 16000 
0.50 (f) 0.50 
(9) 
| 


Heat-treatment Heat-treatment 
(a) 4493 Hot-rolled (a) 4493 Heated 1 hr 16 
(b) 4to6 Process-anneal 7to8 Air-cooled 
(c) Widmanstiatten 1300 F (c) Sorbitic Pearlite Heated 1 hr 1200 F 
(d) 0.4 (d) 2.9 Air-cooled 
(e) 16700 (e) 12000 
2.2 (f) 2.25 
(9) 100 (9) 100 


(a) Heat; (6) A.S.T.M. grain size; (c) carbide structure; (d) creep rate, 15,000 lb stress at 925 F r cent per 100,000 hr; creep st th 
psi at 925 F, 1 per cent per 100,000 = (f) aluminum added, Ib per ton; Gas coneniaetiom, r; (e) p strength, 
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CHART 3 RELATION BETWEEN GRAIN SIZE AND STRUCTURE AND CREEP STRENGTH OF SEVERAL HEATS OF CARBON-MOLYB.- 
DENUM STEEL PIPE WITH VARYING HEAT-TREATMENTS 


Heat-treatment 
Heated 1 hr 1650 F 
Air-cooled 


4129 
5 to7 
idmanstatten 


17400 
1.20 
100 


Heat-treatment 


Heated 1 hr 1800 F 
Water-quenched 
Heated 2 hr 1700 F 
Air-cooled 


Norte: 


Heat-treatment 


Hot-rolled 
Process-anneal 
300 F 


Heat-treatment 
Hot-rolled 


(a) Heat; (b) A.S.T.M. grain size; (c) carbide structure; (d) creep rate, 15,000 lb stress at 925 F, per cent per 100,000 hr; (e) creep strength, 


psi at 925 F, 1 per cent per 100,000 hr; (f) aluminum added, lb per ton; (g) magnification. 


the basis of this test, the heats all appear to be of an acceptable 
character. 

Grain Size, Grain Structure, and Creep Tests. The important 
findings of the investigation are given in Charts 1, 2, and 3, show- 
ing (a) the effect of normalizing and drawing on grain size and 
structure and creep properties of several heats of carbon-molybde- 
num steel pipe; (6) the effect of heat-treatment on grain size and 
structure and creep strength on two heats of carbon-molybdenum 
steel pipe ; and (c) asummary chart showing the relation between 
grain size and structure and creep strength of carbon-molybde- 
num steel pipe with varying heat-treatments. 


The A.S.T.M. grain-size numbers listed on the charts refer to 
the size of ferrite grains, pearlite patches, or Widmanstatten areas 
seen at a manification of 100 diameters in the materials as used. 

Normalized and Drawn. In the planning of the initial work, 
it appeared desirable to have the steel from the various heats all 
given the same heat-treatment. Therefore, these steels were 
heated for 1 hr at 1650 F, air-cooled, and drawn 1 hr at 1200 F. 
This is a normalizing-and-drawing operation. This type of 
treatment was selected because, as a result of previous work, it 
was felt that it would give the most satisfactory high-tempera- 
ture properties. The results are shown in Chart 1. It presents 


| 
| 
8 Fig. 15 Fie. 16 
(a) (a) 4493 
(c) (c) Widmanstitten 
eon FS 
Fig. 17 Fie. 18 
(c) Widmanstiatten (c) Widmanstitten 
(d) 0.6 (d) 0.8 
(e) 16000 (e) 15250 
Se (9) X100 100 
| 
4 
4 4 
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4 CHART 3 (Continued) RELATION BETWEEN GRAIN SIZE AND STRUCTURE AND CREEP STRENGTH OF SEVERAL HEATS OF CARBON- 
; MOLYBDENUM PIPE WITH VARYING HEAT-TREATMENTS 
; Fie. 19 Fic. 20 
4 Heat-treatment Heat-treatment 
(a) 6442 Heated 1 hr 1650 F (a) 4493 Heated 1 hr 1650 F 
(b) 7to8 Air-cooled (6) 7to8 Air-cooled 
(c) Sorbitic pearlite Heated 1 hr 1200 F (c) Sorbitic pearlite Heated 1 hr 1200 F 
Air-cooled (d) 2.9 Air-cool 
e y 
(f) 1.80 
(9) 100 


4 Fig. 21 Fig. 22 
Heat-treatment Heat-treatment 
4 a) 4299 Heated 2 hr 1700 F (a) 7011 Heated 3 hr 1925 to 1975 F 
3 6b) 3to6 Cooled at rate of 50 F a hr to 1000 F (6) 3to6 Furnace-cooled 
4 c) Pearlitic Air-cooled below 1000 (c) Pearlitic 
i (e) 12100 (e) 9800 
(f) 0.50 (f) 1.50 
(9) X100 (9) 


(Refer to note on opposite page for letter key.) 


not only the resultant structures, but also data as to ferritic free from even a suggestion of a Widmanstitten type of structure. 
grain size, carbide structure, creep rate, creep strength, and the Because of a suggestion which has been advanced that the 
amount of aluminum added expressed in pounds perton. Inonly amount of aluminum is a controlling factor in the attainment of 
one instance was a true Widmanstiitten type of structure for the superior high-temperature properties (it being intimated that, if 
carbide found. That is shown in Fig. 1, taken from heat 4129. the amount of aluminum added is under 2 Ib per ton, a heat of 
This specimen showed not only the best creep properties for all steel will have good high-temperature properties, whereas, the 
those given in this chart, but also for all of those in the investi- reverse would be expected if it was in excess of that amount), 
gation as a whole. Carbide structures of all of the other heats the amount of the aluminum added is given in the chart. At 
were of the sorbitic-pearlitic type, with only a suggestion of a _ first glance, the hypothesis with respect to the aluminum does not 
Widmanstitten type of carbide structure in one, namely, heat appear to be substantiated. Heat 43674, Fig. 6, was made with 
43674, shown in Fig. 6. This specimen, however, did not have as _ but 1 lb per ton of aluminum added; yet it is inferior, from the 
good creep properties as some of those which were completely standpoint of high-temperature properties to other heats in which 
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the amount of aluminum added was greater than | lb per ton 
and in one case as much as 2.25 lb per ton. Although it is pos- 
sible that the amount of aluminum added per ton may be an in- 
fluencing factor, these results do not appear to bear out this hy- 
pothesis, at least within the limits of the amounts of aluminum 
found in these heats. 

Only one of the heats investigated was so made as to develop a 
5 to 7 grain size when normalized from 1650 F. This is heat 4129. 
Its carbide structure is Widmanstitten and it shows the best high- 
temperature properties of all the heats given in this chart. It 
gives an indication, which is supported in the succeeding charts, 
that, with a grain size ranging from 3 to 6 and with a steel so made 
that when normalized from 1650 to 1700 F a Widmanstiitten 
structure results, good high-temperature creep properties may be 
expected. 

Varying Heat-Treatments on Two Heats. For the purpose of 
throwing further light on the influence of grain size and structure 
resulting from heat-treatment on high-temperature properties, 
the results of an investigation on two heats of steel with varying 
conditions of heat-treatment are presented in Chart 2. The re- 
sults given in Figs. 9, 10, 11, and 12 are all from heat 4299, 
which was a heat produced by the National Tube Company under 
conditions which they believed would result in the best possible 
high-temperature properties. It will be noted in looking at the 
chart that this heat of steel, when in the as-rolled or normalized 
conditions, Figs. 9 and 12, shows grain sizes ranging from 2 to 7 
with the carbide structures of the Widmanstitten type. The 
high-temperature creep properties are good, with creep rates under 
the given conditions of 0.8 and 0.6 per cent per 100,000 hr, respec- 
tively. The creep strengths are equally good, with values of 
15,250 and 16,000 psi, respectively. 

On the other hand, when specimens from this same heat of 
steel were annealed, in one case without a preliminary quench 
(Fig. 10) and in the other case following a quench (Fig. 11), the 
high-temperature creep properties of the specimens were adversely 
affected. That is, instead of the creep rates being 0.8 and 0.6 per 
cent, they were 2.7 and 3.8 per cent, and, whereas, the creep 
strengths, as stated in the preceding paragraph, were 15,250 and 
16,000 psi, they dropped to 12,000 and 11,250 psi. 

These differences cannot be laid to grain size, as the grain size 
for all of the specimens, with the possible exception of that shown 
in Fig. 9, was of the same order. Nor can the differences be laid 
to steel-melting practice, as these various specimens were all 
taken from the same heat. The one outstanding variation is that 
of carbide structure. In the first instance the carbide structures 
are of the Widmanstatten type, and in the other case they are of 
the pearlitic type. 

Two different structures and the high-temperature properties 
resulting therefrom are shown for heat 4493 in Figs. 13 and 14 in 
Chart 2. Fig. 13 shows the specimen in an as-rolled condition 
followed by a 1300 F process anneal and Fig. 14 shows the speci- 
men after it was normalized from 1650 F followed by a draw at 
1200 F. The structure in the process-annealed condition is of the 
Widmanstatten type, with a grain size ranging from 4to 6. Good 
high-temperature creep properties were obtained. In the case of 
the specimens normalized from 1650 F followed by a draw at 1200 
F, the structure is of the sorbitic-pearlitic type, with a small grain 
size. Its resulting high-temperature creep properties are inferior 
to those found in the process-annealed specimen. The fact, how- 
ever, that good creep properties were obtained in the pipe in the 
process-annealed condition without an abnormally large grain size 
leads the authors to advance the hypothesis that, if the normal- 
izing temperature had been enough higher to give the preferred 
type of grain size and carbide structure, the creep properties of 
the pipe thus normalized would have more nearly approached 
those found in the pipe when in the process-annealed condition. 
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The amount of the aluminum addition throws no light on the 
findings, for, in spite of the fact that more than 2 lb per ton of 
aluminum were added, it did not appear adversely to affect the 
attainment of good high-temperature creep properties for the 
process-annealed specimen. 

In reviewing the findings from the data given in this chart, «ll 
those specimens which showed superior high-temperature creep 
properties had a Widmanstitten type of carbide structure. 
They also showed moderately large grain size. Inferior creep 
properties were found in all those specimens in which the carbide 


_ 
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X 1000 
Fig. 23. Microstructures oF WELDED SEcTION oF 0.50 CARBON- 
MOLYBDENUM STEEL Pipe 
(Heat 4299; weld deposited metal section; stress-relieved at 1200 F for 2 hr.) 


structure was of the sorbitic-pearlitic or pearlitic type, irrespective 
of grain size. 

Summary Data, A general summary of the conditions show- 
ing the relation between grain size and structure and creep 
strength on several heats of carbon-molybdenum steel pipe with 
varying heat-treatments is given in Chart 3. The high-tempera- 
ture creep properties of the specimens shown in Figs. 15 to 18, in- 
clusive, are all of a most acceptable character. The structures 
of the specimens are all of the Widmanstatten type, with grain. 
sizes ranging from 2 to 7. 
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On the other hand, the high-temperature creep properties of 
the specimens shown in Figs. 19 to 22, inclusive, are inferior to 
those just mentioned. In the case of the specimen shown in Fig. 
22, the high-temperature creep properties are decidedly poor, 
although the grain size is large. The grain size is equally large in 
the case of the specimen shown in Fig. 21, although its high-tem- 
perature creep properties are superior to those found in the speci- 
men shown in Fig. 22. These two specimens are from different 
heats. It is quite possible that the difference in the high-tem- 
perature creep properties, even though the grain size and the 
carbide structures are substantially the same, is due to the steel- 
making practice. Heats 6442 and 4493, shown in Figs. 19 and 
20, were of the sorbitic-pearlitic type, with grain size ranging from 
7 to 8. They have both been normalized from 1650 F. The 
grain size and structures did not respond under this treatment to 
give a 3 to 6 grain size or a Widmanstiitten type of structure. 
Failure to do so is probably due to the type of steelmaking prac- 
tice used, with the result that superior high-temperature creep 
properties were not obtained. 

It would appear again, on the basis of the data presented in 
this chart, coupled with the findings shown in Charts 1 and 2, 
that whenever the steelmaking practice is of such a type, ac- 
companied by suitable heat-treatment, as to cause the carbides 
to assume a Widmanstiitten pattern, with a grain size ranging 
from 3 to 7, superior high-temperature creep properties may be 
expected. Especially is this believed to be the case if the steel- 
making practice is such that these grain sizes and types of car- 
bide structures develop when the heats of steel under examina- 
tion are normalized from a temperature of approximately 1700 F. 


METAL TEsT 


Recognizing that a very considerable quantity of the carbon- 
molybdenum pipe used for high temperatures is assembled into 
pipe lines by welding, it appeared desirable to determine the high- 
temperature properties of an all-weld section. Two segments of 
pipe, therefore, from heat 4299, were welded together longitudi- 
nally so as to afford sufficient weld material for an all-weld 
specimen. Welding was done by the electric-are process, using a 
carbon-moly rod. Preceding welding, the pipe was preheated at 
450 to 600 F. After welding, it was stress-relieved for 2 hr at 
1200 F. Specimens were taken from all-weld metal sections and 
tested at room temperature and a creep test was made at 925 F 
under a stress of 15,000 psi. 

The results of the room-temperature tensile tests were as fol- 
lows: 


Yield strength, psi, 0.2 per cent set......... 43000 
Elongation, per cent in 2 in................32.5 
Reduction of area, per cent................ 65 


These results show that the material possessed acceptable physi- 
cal properties at room temperature. It was stronger, though 
slightly less ductile, than the parent metal. 

The creep-test result was surprisingly good, when it is realized 
that all of the stock in the specimen was made up entirely of all- 
weld metal. It showed the following values under a stress of 
15,000 psi at 925 F: 


Creep rate, per cent per 1000 hr.............-5- 0.019 
Creep rate, per cent per 100,000 hr.............- 1.9 
Estimated stress for 1 per cent per 100,000 hr... . 13,250 psi 


The grain size and structure of the weld metal at 100 and 1000 
diam is given in Fig. 23. It shows the metal to be fine-grained, 
with marked evidence of spheroidization of the carbides. 

These results are both interesting and gratifying. Yet it must 
be recognized that these are the results of but one test of a weld 
made under almost ideal conditions. It would be unwise to attach 


too great significance to the findings until numerous check tests 
have been made with a variety of welding procedures. 


CONCLUSIONS 


So far as carbon-molybdenum steel pipe is concerned, it is evi- 
dent, on the basis of this investigation, that, if the carbide struc- 
tures are of a Widmanstiatten type with grain sizes ranging from 
2 to 7, the pipe will have high-temperature creep properties su- 
perior to those in which the carbides exist in other conditions or 
forms. 

The steel must be properly killed to obtain the desired struc- 
ture. A method to determine this is to normalize from around 
1700 F. If the carbides assume a Widmanstatten type of struc- 
ture with grain sizes ranging from 2 to 7, then it may be assumed 
the steel has been properly killed. 

It is also believed that too great emphasis has been placed on 
grain size and not enough on type of carbide structure. It is 
felt that consideration should be given to both factors, though 
with the greater emphasis on the type of carbide structure. 

The results of the high-temperature tests on the all-weld speci- 
men are both interesting and encouraging, for, in spite of the fact 
that the specimen under test was made up entirely of deposited 
metal, it possessed satisfactory high-temperature properties. 
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Discussion 


R. W. Emerson*® anp G. The authors 
demonstrate quite conclusively that, in regard to high-tempera- 
ture properties, the structure of carbide grain is equally im- 
portant to that of structural grain size. This fact should be 
beneficial to piping fabricators and others who do not have 
facilities for creep testing but do have metallographic equipment 
for checking the final grain size and carbide structure and who 
may, by this method, pass judgment on the probable creep 
characteristics of the steel by comparison of the grain structure 
with those shown by the authors. 

It seems that no definite conclusions have been reached with 
respect to the direct effect of actual aluminum additions on the 
creep characteristics of carbon-molybdenum steel, A.S.T.M. 
Specification A-206. 

It cannot be overemphasized that the two most important 
facts brought out by the authors, namely, structural grain size 
and carbide structure, upon which good creep properties in car- 
bon-molybdenum steel appear to be dependent, are in turn 
dependent upon maximum heat-treating temperature and rate of 
cooling from that temperature. However, the maximum tem- 
perature and cooling rate, to produce a given grain size and 


‘ —— Pittsburgh Piping & Equipment Company, Pitts- 
urgh, Pa. 

* Chief Engineer, Pittsburgh Piping & Equipment Company, Pitts- 
burgh, Pa. 
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carbide structure, are to a great extent dependent upon the 
amount of aluminum added to the steel. The carbide structure 
formed by cooling, at a given rate from the maximum heat- 
treating temperature, is dependent upon the austenite grain 
size produced by heating to that temperature. 

For example, upon heating a carbon-molybdenum steel, con- 
taining '/; lb of aluminum per ton, to 1700-1750 F, an austenite 
grain size should be established which will normally produce 
upon air-cooling a Widmanstiitten carbide-ferrite grain size of 
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Fic. 24 VaRIATION IN GRAIN SIZE AND CARBIDE STRUCTURE AS A 
FUNCTION OF THE HEAT-TREATMENT TEMPERATURE 
(Coarse- and fine-grain carbon-molybdenum steel, A.S.T.M. Specification 
206.) 


the desired A.S.T.M. 3 to 6. Air cooling is sufficiently rapid 
so that complete rejection of the ferrite to the austenite grain 
boundaries is impossible while cooling through the transforma- 
tion range of the steel, resulting in somewhat of an acicular 
carbide grain structure'® (Widmanstiitten), as is shown in the 
large grains of Fig. 12 of the paper. 

In contrast to this, a carbon-molybdenum steel, containing 
2.25 lb of aluminum or more per ton, when heated to 1700- 
1750 F would establish a fine grain size (A.S.T.M. 7 to 8). Since 
the austenite grain size is small, the distance from center to 
edge of the austenite grain is also small and, for the same cooling 
rate as mentioned, sufficient time elapses for essentially complete 
rejection of the proeutectoid ferrite, with the result of a sorbitic 
pearlite and an equiaxed grain structure. Thus, aluminum is 
believed by the writers to have an indirect effect on the creep 
characteristics of carbon-molybdenum steel by affecting the 
grain size and carbide structure of the material for a given heat- 
treating cycle. This is substantiated by Figs. 1 to 8 of the paper, 
in which Figs. 1 and 6 show evidence of a Widmanstiitten struc- 
ture though Figs. 2, 3, 4, 5, 7, and 8 show no traces of such. The 
effect of aluminum on grain size, carbide structure, and heat- 
treating temperature is shown schematically in Fig. 24 of this 
discussion. 

Fig. 24 shows that a Widmanstitten carbide can be obtained 
at a slightly smaller grain size in a steel with a small quantity of 
aluminum added than with one containing a larger quantity 
of aluminum. It also shows that carbon-molybdenum steel, 


© **The Grain Size of Steel,’’ by J. R. Vilella, Mechanical Engineer- 
ing, vol. 62, April, 1940, p. 302; par. 7 gives a detailed description of 
these phenomena. 
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containing a large quantity of aluminum, tan be made to coarsen 
to the desired 3- to 6-grain size and produce a Widmanstiitten- 
carbide structure by the use of excessively high heat-treating 
temperatures (1850-1950 F). From the customer’s standpoint, 
however, it is desirable to get the required grain structure at the 
lowest possible heat-treating temperature, since oxidation 
(scaling) may possibly encroach on the minimum wall thickness 
of the pipe when excessive heat-treating temperatures are used. 


P. A. SaLmon."! This interesting paper makes no reference 
to uniformity of grain size which in the past has been considered 
as an important factor in determining the acceptability of car- 
bon-molybdenum steel pipe for high-temperature service. Some 
of the photomicrographs illustrated in the paper show a pro- 
nounced duplex type of structure. Some comments by the 
authors on this phase of the subject would be of interest. 

It is hoped that information concerning the impact value of 
steel showing the Widmanstiitten structure will be given in the 
authors’ closure. 


S. H. Weaver." In their present contribution on grain 
size and structure in carbon-molybdenum steels, the writer 
agrees with the general principles and conclusions of the authors’ 
but would like to express a somewhat different viewpoint on some 
of the details presented. 

E. R. Parker,'’ in a recent paper, states that increased creep 
strength in steels at elevated temperatures is obtained by two 
general methods: (a) By the use of solid-solution alloys, as small 
percentages of molybdenum and tungsten, where a crystal- 
boundary effect necessitates adjusting the grain size to an 
optimum value; (6) by the use of precipitation-hardening alloys 
where size, shape, and dispersion of the precipitated phase are 
much more important than the grain size. 


The writer, in a current article,‘ presented a series of long- 
time tests in support of Parker’s first type of creep strength 
and outlined the grain-size creep-strength temperature charac- 


teristic for carbon-molybdenum steel. In those various special 
tests, the object was to hold the structure constant and isolate the 
boundary or grain-size effect. At no time has any one in our 
creep-test organization overlooked the importance of the struc- 
ture. The early creep tests at 750 and 840 F were always run 
with three treatments, oil quench, normalize, and anneal. 
These and later tests indicate that in the low-alloyed molybdenum 
steels at 750 I’, the oil-quench treatment is the strongest in creep; 
at about 850 F, the oil-quench and normalized structures are of 
equal creep strength; for increasingly higher temperatures, the 
normalized treatment leads, until near 1000 F the normalized 
and annealed structures become of equal creep strength for long- 
time, low-creep-rate tests. 

Recognizing the greater creep strength at 925 F for the normal- 
ized or Widmanstiitten structure over the annealed or sorbitic- 
pearlite structure, another factor enters the problem in the 
decrease in creep strength with time at temperature due to 
carbide spheroidization. The normalized carbon-molybdenum 
pipe steel becomes spheroidized in one third of the time required 
for the annealed steel to attain a similar condition, when both 
are without stress. There is evidence that the time period is de- 


11 Assistant Engineer, Public Service Electric and Gas Company, 
Newark, N. J. Mem. A.S.M.E. 

12 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. 

18*The Development of Alloys for Use at Temperatures Above 
1000 F,”’ by E. R. Parker, Trans. American Society of Metals, vol. 
28, Dec., 1940, p. 797. 

4 “Relation of Grain Size to Creep Strength of Carbon-Molyb- 
denum Steel,’”’ by 8. H. Weaver, General Electric Review, vol. 43, no. 
9, Sept., 1940, pp. 357-364. 
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Fic. 25 GRAIN S1ZE AND STRUCTURE AS ROLLED 


(Air-cooled from rolls, then drawn at 1200 F, 1 hr, furnace-cooled. Cree 
stress 18,700 psi at 932 F, for creep rate of 1 per cent per 100,000 hr; 100. 


: 


Fie. 27 Same Mareriav as Fia. 25, Air-CooLep Twice THROUGH 
Critica TEMPERATURE THEN GIVEN ADDITIONAL HEATING 


(Heated at 1920 F, 15 min, air-cooled, and 1200 F, 1 hr, furnace-cocled. 
Creep stress 11,000 psi at 932 F for my rate of 1 per cent per 100,000 hr; 
x 100. 


creased by stress. Some authorities contend that the greater 
initial strength of the normalized structure compensates for its 
more rapid deterioration. Until more data are obtained, it is 
believed conservative practice to design for the annealed, more 
stable steel for 925 F and higher service temperatures. Prof. 
White was consulted on several occasions upon the spheroidiza- 
tion question and the problem is mentioned here only to indicate 
why, at the present time, an annealed treatment for the higher 
service temperatures is preferred. 

Tests on material from the same pipe length demonstrate the 
effects of structure, grain size, mixed grains, and aluminum 
killing of the steel. A 65/s-in-outer-diam, 0.56-in-wall carbon- 
molybdenum pipe, manufactured before the present grain-size 
requirement was placed in A.S.T.M. Specification A-206, was 
selected from stock for special tests. The chemical analysis 
was carbon 0.14, manganese 0.44, silicon 0.16, and molybdenum 
0.46; open-hearth steel killed with 2.25 lb per ton of aluminum. 
Fig. 25 of this discussion represents grain size and structure as 
rolled. Fig. 26 is the same structure after heating to 1800 F for 
l hr, cooled by water spray, and not drawn. Creep strengths at 


23,000 psi at 932 F for creep rate of 1 per cent per 100,000 hr; 


Fic. 26 Same as Fig. 25 Arrer ADDITIONAL HEATING 


(After 1800 F, 1 hr, cooled by water spray and not drawn. Creep yy 
X 100. 


. 


Fie. 28 Grain S1zE AND StrRucTURE OF Two SAMPLES RESULTING 
From SIMILAR PRETREATMENT AS Fig. 27, suT WiTH A DIFFERENT 
ANNEALING AND CooLinG CyYcLe 


(One sample annealed at 1650 F, 8 hr, furnace-cooled, and other at 1950 F, 4 
hr, furnace-cooled. Creep stress 8200, and 8000 psi, respectively, at 932 
F for creep rate of 1 per cent per 100,000 hr; X100.) 


932 F, 7 deg higher than the authors’ tests, are 18,700 and 23,000 
psi, respectively. Fig. 27 began with the structure in Fig. 25, 
heated and cooled twice through the critical temperature and 
then heated to 1920 F for 15 min, air-cooled, and followed by 1200 
F, 1 hr, furnace cool; creep strength 11,000 psi at 932 F. Fig. 
28 had a similar pretreatment as Fig. 27, then annealed at 1650 
F for 8hr. A second sample also represented by Fig. 28 has the 
same cycle except annealed at 1950 F for 4 hr. The creep 
strengths at 932 F were 8200 and 8000 psi, respectively. Figs. 
25, 27, and 28 show the combined effect of grain size and structure 
upon the creep strength, for there is only a trace of the Widman- 
stitten formation in Fig. 27. Fig. 26, due to the absence of the 
draw, gave a decreasing creep strength for a creep rate of 1 per 
cent per 100,000 hr, the longer the test was continued. 

The separation of the effects of grain size and structure requires 
the reproduction of the grain size in Fig. 25 of this discussion, 
in an annealed structure in the same steel. This was impractical 
as shown by curve I for grain growth in Fig. 29 of this discussion. 
The uniform grain size in Figs. 27 and 28 held constant for 4 hr; 
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then for longer periods, greatly enlarged grains slowly appeared 
in isolated regions, producing a mixed grain size; that is, a mix- 
ture of large and small grains. At least 12 hr at temperature is 
required before an enlarged, uniform grain size is obtained. 
Other holding temperatures would produce different curves and 
size of coarsened grains. 


8 


N 


6 9 12 
HOURS CONTINUOUSLY HELD AT 1950 F 
Extent or Grain GrowTH WITH TIME AT TEMPERATURE 


PER CENT OF SECTION AREA 
COVERED BY COARSE GRAINS 
a 


0.012 


/ 


MIXED GRAIN SIZE 


m 


FERRITE GRAIN DIAMETER 


ie} 
1500 1700 1900 2100 
ANNEAL TEMPERATURE FOR 4 HOURS 


Fic. 30 Gratn Size AND Heat-TREATING TEMPERATURE IN STEEL 


2300 


Curve III in Fig. 30 plots uniform ferrite grain size against an- 
nealing temperature held for 4 hr. The aluminum-killed pipe steel 
has a uniform No. 7 grain size up to 1950 F, then enters the shaded 
area which is a “grain-coarsening temperature range’ of about 
100 to 150 F. This shaded area shifts temperature location 
which must be found by trial test of each steel melt. Treatment 
in this temperature range produces a mixed grain size unless 
held at temperature for very long periods, which finally results 
in a uniform, very coarse grain size, indicated by curve I, in 
Fig. 29, and the dashed top of curve III, Fig. 30. There is no 
choice in uniform grain size; only very fine or very coarse grains 
of uniform size can be obtained. When a mixed grain size is 
once established in a steel it is difficult to eliminate by the 
usual subsequent heat-treatments. 

For comparison, another steel was tested with that in curve I. 
This steel was from a 4in-diam pipe, of the same specification 
as that mentioned, where the billet manufacturer stated that 
the steel was open-hearth, not killed with aluminum. It coars- 
ened from an initial No. 6 to No. 2 uniform ferrite grain size 
within 1 hr, as in curve II, Fig. 29. While a grain-size-tempera- 
ture curve was not made on this steel, Fig. 30, curve IV is repre- 
sentative of curves on electric-furnace and open-hearth low- 
alloy steels, fully deoxidized and without a grain-growth in- 
hibitor. Data for similar curves upon differently alloyed steels 
are given in a previous article.'* Such steels acquire a definite 
uniform grain size in a short time for each increased treating 
temperature. There are many curves, intermediate between 
curves III and IV, depending upon the deoxidization details in 
steel manufacture. 
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The grain size in Fig. 25, with a pearlite structure, could not 
be obtained by isothermal transformations or by different pre- 
treatment cycles, or the treatment proposed by Dorn and 
Harder."© The resulting grains were always small or of mixed 
size and creep tests were omitted. 

The authors have not sufficiently emphasized the ill effects of 
mixed grain size upon the creep strength. A definite value 
cannot be assigned to the loss in creep strength, as the effect 
probably varies with the range from larger to smaller grain size 
and the proportion of section area each size occupies in a given 
steel. The author’s Figs. 9 to 12 have mixed grain size while 
the writer’s Figs. 25 to 28 are each of uniform grain size. The 
validity of the test results themselves is not in question because 
the writer’s laboratory had previously exchanged bars with the 
authors and obtained identical creep rates for the same loadings. 
Fig. 9 of the paper, with the mixed grain size, has a creep 
strength of 15,250 psi at 925 F; Fig. 25, with a uniform structure 
and the same size of ferrite grain, tests 18,700 psi at 932 F. 
Fig. 12 with an extremely mixed grain size had nearly the same 
treatment as the uniform structure in Fig. 26. Fig. 12 tested 
16,000 psi at 925 F, while Fig. 26 gave 23,000 psi at 932 F. A 
correct comparison of the annealed structures is difficult. Figs. 
10 and 11 of the paper both show mixed sizes with an oversize 
grain and a smaller grain which is probably the optimum grain 
size for maximum creep strength; tests 12,100 and 11,250 psi 
at 925 F. Fig. 28 has undersize but uniform grains; tests 8200 
and 8000 psi at 932 F. A possible explanation of these compari- 
sons of creep strength gives greater weight to the effect of grain 
size; the weakening effect of mixed grain sizes, when all sizes 
are large as in Figs. 10 and 11, is less than the weakening effect 
of undersized but uniform grains as in Fig. 28 of this discussion. 
Considering the harmful effects of nonuniform grain size upon 
the creep strength of steels, the data given do not justify the 
conclusion that structure is more important than grain size in 
creep strength. 

The characteristics of grain size in carbon steel have been 
extensively studied in technical literature, particularly in con- 
nection with the carburizing steels and with heat-treatment of 
steel for use at lower temperatures where the finer-grained, 
aluminum-killed steels are desirable. The making of alloy steels 
to a larger grain size for service at higher temperatures has not 
been much discussed. While open-hearth practice is usually 
limited by aluminum deoxidization to either a fine or coarse 
grain size similar to curve III, Fig. 30 of this discussion, the high- 
temperature user prefers a steel with the characteristics of curve 
IV so that, by a change in heat-treating temperature, any desired 
grain size could be obtained. 

The mixed sizes of grains are related to the aluminum killing 
of the steel which introduces a peculiar inhibitor to grain growth. 
The grain-size restrainer cannot be judged by the amount of 
aluminum added to the molten steel, the total aluminum remain- 
ing in the steel, or the aluminum in solution, but is closely related 
to the aluminum oxide in the steel. The effectiveness of the 
latter is regulated principally by the degree of oxidization and 
temperature of the molten steel when the aluminum is introduced. 
The characteristics produced by a strong grain-growth inhibitor 
seem to apply to the eight steels analyzed in the authors’ Table 
1 in Figs. 1 to 8 inclusive, and to the writer’s tested steel in 
Figs. 25 to 28, inclusive. 


H. Montcomery."* Professor White and Mr. Crocker are to 
be congratulated on this fine piece of work which shows the ef- 


6 “Relation of Pretreatment of Steels to Austenitic Grain Growth,” 
by J. E. Dorn and O. E. Harder, Trans. American Society of Metals, 
vol. 26, 1938, p. 106. 

16 The Lunkenheimer Co., Cincinnati, Ohio, 


“tug 
7 
‘ 
| 
| 
4 
‘ \ | | 
= 
= 4 | 
6 
8 
5 
4 
Wek 
‘ 
i 


WHITE, CROCKER—GRAIN SIZE, STRUCTURE, CARBON-MOLYBDENUM STEEL PIPE 761 


fd 


Fie. 31 (Magnification 500) 


“4,4 


Fig. 32 (Magnification 500) 


fects of some variables on the high-temperature creep properties 
of wrought carbon-molybdenum steel pipe. 

From work done on cast steels of the WC-4 (A.S.T.M. A- 
217-39T) type, the writer has also come to the conclusion that 
the Widmanstiitten type of structure imparts superior creep 
strength. Photomicrographs, Figs. 31 and 32, show two differ- 
ent types of structure as illustrative of this. Fig. 31, a specimen 
in which the Widmanstitten type of structure has been developed, 
shows a creep rate only one tenth as great as that of Fig. 32 
with a structure similar to the sorbitic pearlite of the authors. 
Tests were made at 950 F and 15,000 psi. 

From the apparent agreement of the writer’s findings with 
the authors on the effect of structure the question is raised 
whether or not other steels of similar type may behave likewise. 


AvutTnHors’ CLOSURE 


The authors agree with the statement of Messrs. Emerson and 
Sinding-Larsen that “no definite conclusions have been reached 
with respect to the direct effect of actual aluminum additions on 
the creep characteristics of carbon-molybdenum steel, A.S.T.M. 
A206.” The results given in the paper do tend to show, how- 
ever, that when more than about 1!/, lb of aluminum are added 
per ton, the steel is sluggish in responding to grain-coarsening 
treatment and that very little if any of the Widmanstatten type 
of structure is present even in normalized material. The effect on 
creep strength of deoxidizing steel with aluminum or silicon- 
aluminum, as compared with silicon alone, is under investigation 
by the Joint Research Committee on Effect of Temperature on 
the Properties of Metals,'’ although no information seems to be 
available as yet on carbon-molybdenum pipe steel. It is to be 
hoped that the scope of future reports will be extended to furnish 
data on this important material. 

Mr. Salmon touches upon the effect of duplex structure. 
Probably no steel can be said to be completely free from a duplex 
structure. It is a question of degree. The authors do not feel 
that most of the steels reported in their paper could be classified 
as duplex in the normally accepted interpretation of the term. 
Work of other investigators has shown that a pronounced duplex 
structure does appear to affect adversely the high-temperature 
properties of the steel. 

The authors are in general agreement with Mr. Weaver with 
respect to the effect of oil-quenching, normalizing, and drawing 
on creep strength at the temperatures listed or implied. How- 
ever, he apparently prefers an annealed structure to a Widman- 
statten structure for 925 F service, basing his objections to the 
latter on an assumed higher rate of spheroidization, with re- 
sultant loss in creep strength. While Mr. Weaver concurs in 
recognizing the greater initial creep strength at 925 F for the 
normalized or Widmanstatten structure over the annealed or sor- 
bitic-pearlite structure, he expresses concern over the possibility 
that the creep strength of normalized material would decrease 
sooner with time at temperature owing to faster carbide sphe- 
roidization. Reasoning from the latter premise he concludes that 
the annealed structure should be the more stable over extended 
service periods and that it should be preferred for that reason. 
This hypothesis seems to be based on an expressed belief that 
“the normalized carbon-molybdenum pipe steel becomes sphe- 
roidized in one third of the time required for the annealed steel to 
attain a similar condition.” 

In the authors’ opinion the data available on spheroidization 
are too meager at the time of writing to justify any definite con- 
clusion on behavior at 925 F. One of the authors did some work 
in his laboratory on a 0.13 per cent plain carbon steel which at 
1200 F showed the rate of spheroidization in the normalized state 
to be about 3 times that for the same steel when in an annealed 
condition. This probably is the test which Mr. Weaver had in 
mind in his discussion. By extrapolation, the time for complete 
spheroidization at 925 F would be about 80,000 hr for the same 
plain carbon steel in an annealed condition. As stated, the 
authors question the wisdom of drawing conclusions from such 
meager data, especially when observations made at 1200 F have 
to be extended to 925 F, when conclusions are drawn from findings 
on a plain carbon steel rather than on a low-alloyed steel, with the 
recognition that a low-alloyed steel takes longer to spheroidize 
than a plain carbon steel, and, further, when conclusions are 
drawn from a test made on only one heat of steel. 


1 “Study of Effect of Variables on the Creep Resistance of Steels,” 
by H. C. Cross and J. G. Lowther, Report of A.S.M.E.-A.S.T.M. 
Joint Research Committee on Effect of Temperature on Properties 
of Metals, Proceedings, American Society for Testing Materials, 
vol. 40, 1940, pp. 125-153. 
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Fic. 35 Specimen 3, ANNEALED aT 1650 F 


In fact, Mr. Weaver observed in the preceding paragraph of his 
discussion that “for increasingly higher temperatures (above 
800 F), the normalizing treatment leads, until near 1000 F the 
normalized and annealed structures become of equal creep 
strength for long-time, low-creep-rate tests.” In this connection 
the authors wish to point out that their own conclusions are 
based on creep tests carried on at a loading of 15,000 psi for a 
full 1000 hr or more at temperature as prescribed by the Joint 
Research Committee on the Effect of Temperature on the Proper- 
ties of Metals. Until conclusive data based on long-time tests 
are offered in proof of serious spheroidization of normalized 


Fic. 36 Specimen 4, NORMALIZED AT 1600 F 


carbon-molybdenum pipe steel at 925 F, the authors are dis- 
posed to dismiss this fear as not substantiated. 

Furthermore, the most deleterious effect of spheroidization 
which the authors can foresee for normalized material would bea 
gradual decline in physical properties. The authors see no reasoD 
why any mere change of a small order in the rate of creep need 
be distressing in the case of a carbon-molybdenum pipe line. In 
fact the lesser over-all, or cumulative, creep of the normalized 
material would seem preferable to the greater, though more uni- 
formly progressing, creep rate of the annealed material. 

The high-temperature data given by Mr. Weaver and his dis 
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STRUCTURES OF A CARBON-MOLYBDENUM PIPE STEEL (HEAT 5085) AFTER VARIOUS HEAT-TREATMENTS 


(REFER TO TABLE 4); LONGITUDINAL SECTIONS; MAGNIFICATION 100 


Fig. 37. Specimen 5, NoRMALIZED AT 1650 F 


Fic. 38 Specimen 6, NoRMALIZED AT 1700 F 


Fic. 39 Specimen 7, NORMALIZED AT 1800 F 


cussion of them are appreciated by the authors. Unfortunately, 
the type of steel from which these data were obtained is no longer 
considered acceptable for high-temperature purposes, that is, 
it would not show grain-coarsening characteristics if annealed or 
normalized from 1700 F. This is shown by the fineness of the 
grain in Mr. Weaver’s photomicrograph, Fig. 28. If the steel were 
of the grain-coarsening type, the grain size would have been ma- 
terially coarser than was given by the heat-treating cycle which 
ended with an anneal at 1650 F for 8 hr. 

The authors fail to see how conclusions can be drawn from Mr. 
Weaver’s data as to the relative effect of grain size and structure 


Fic. 40 Specimen 8, NoRMAUIZED AT 1650 F anp Drawn aT 1200 F 


for, in the data given, no one variable appears to be held con- 
stant. 

Attention is directed to the fact that treatment given the 
authors’ sample, shown in Fig. 12 of the paper, was different from 
that given the sample shown in Mr. Weaver’s Fig. 26. The 
authors’ sample was quenched and normalized, whereas, Mr. 
Weaver’s was quenched only. 

The authors appreciate the material contributed by Mr. 
Weaver but regret that they cannot agree with all of his con- 
clusions. 

Mr. Montgomery’s findings to the effect that the Widman- 
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stitten type of structure in cast steels of the WC-4 type improves 
high-temperature properties are interesting and timely. 

The authors concede, of course, that there are other criteria be- 
sides tensile properties and creep strength on which the behavior 
of carbon-molybdenum pipe steel should be judged. The relative 
susceptibilities to stress-temperature embrittlement of annealed 
versus normalized carbon-molybdenum pipe steel have been 
investigated on a basis of time-to-rupture tests by E. L. Robin- 
son.!8 While the results so far reported are somewhat limited, 
they would seem to indicate that, for temperatures of 900 to 
1000 F, the normalized material continues to exhibit superior 
load-carrying ability over long periods despite a somewhat 
lesser elongation at the point of failure. It is to be hoped that 
this line of investigation will be continued by Mr. Robinson and 
others in an effort to obtain more conclusive data on this inter- 
esting phase of high-temperature behavior. 

At the time the paper was presented, assurances were given 
that impact values for several conditions of heat-treatment 
would be furnished in the authors’ closure. These tests were con- 
ducted with a view to determining: 

(a) Whether the impact strength of “as-received” pipe was 
adequate without further heat-treatment. 

(b) Whether normalizing or annealing gave superior impact 
strength. 

(c) Whether a draw at 1200 F was beneficial to the impact 
strength of normalized pipe. 

In order to make the results truly comparable, all impact-test 
coupons were machined from a single specimen of pipe. It is of 
interest to note that the impact strength for this particular 
specimen of pipe was somewhat below par in the ‘‘as-received”’ 
condition so that the effect of favorable heat-treatment was dis- 
tinctly marked. For the sake of accuracy, three longitudinal and 
three transverse impact coupons were tested for each condition 
of heat-treatment. The results are given in Table 4. 

The microstructures resulting from the various heat-treat- 
ments are shown in Figs. 33 to 40, inclusive, of this discussion. 
Photomicrographs were taken of both longitudinal and transverse 
specimens but without showing any significant difference, hence, 
only one set is reproduced here to serve for both. 

The results of the impact tests serve to confirm the general 
conclusions stated by the authors in their original presentation 
of the paper. They still prefer to have the carbides exhibit a 


18 “‘High-Temperature Rupture and Creep Tests,” by E. L. Robin. 
son, Proceedings of the American Society for Testing Materials, vol- 
40, 1940, pp. 811-817. 
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TABLE4 RESULTS OF IMPACT TESTS, CARBON-MOLYBDENUM 
PIPE 268, HEAT 5085 


Impact strength, ft-lb>— 
Longitudinal Transverse 


No. of 


specimen Condition of specimens 


As received? 

Drawn at 1200 F 

Annealed at 1650 F 

Normalized at 1600 F 

Normalized at 1650 F 

Normalized at 1700 F 

Normalized at 1800 F 

Normalized at 1650 F and drawn at 
1200 F 


@ According to Section 4(a) of A 206-40 T 
> Average of three tests; standard A.S.T.M. Charpy V-notch specimens 


considerable amount of Widmanstitten structure with a grain 
size ranging from 2 to 7 when normalized from a temperature 


around 1700 F. This view is supported by the decided improve- 


ment in impact strength afforded by normalizing, as compared 
with the inferior strength exhibited by the annealed specimens. 

The results of the impact tests point to the possible desirability, 
moreover, of normalizing the “as-received” pipe rather than using 
any of it (viz., as straight lengths) in the ‘‘as-received”’ condi- 
tion. On the other hand they raise a question of whether a draw 
at 1200 F following the normalize is sufficiently beneficial to be 
worth the extra expense. Owing to temperature variations 
throughout a commercial heat-treating furnace, it may be ex- 
pedient to state a desired temperature range for the pipe ma- 
terial in the charge, say from 1650 to 1725 F as outside limits 
where the steel is made by the preferred melting practice. 

In conclusion the authors wish to emphasize that heretofore 
not all molybdenum steel has been made by a melting practice 
conducive to producing large grains (say 3 to 6) when given a 
grain-coarsening treatment at 1700 F, or thereabouts. Steel 
which is not responsive to grain-coarsening treatment at this 
temperature does not tend to develop the desired Widman- 
stitten structure on normalizing. Sluggish steels of this sort are 
illustrated in the photomicrographs of Figs. 2, 3, 4, 5, 7, and 8 
of the paper, whereas, somewhat more responsive steels are 
shown in Figs. 1 and 6, and the preferred type in Fig. 12 of the 
paper and Fig. 38 of this closure. None of the steels investi- 
gated, however, showed characteristics sufficiently poor to war- 
rant outright rejection for the working stresses contemplated. 
Where the superior characteristics possessed by Heats 4129 and 
4299 (Figs. 1 and 12, respectively) can be counted on, there would 
seem to be some justification for allowing correspondingly 
higher working stresses, provided further investigation does 
not show an excessive tendency to spheroidization or to stress- 
temperature embrittlement after prolonged service at 925 I’. 
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Displacements Determined by Airy’s 
Stress Function 


By H. M. WESTERGAARD,' CAMBRIDGE, MASS. 


Airy’s stress function defines a plane state of stress by 
simple formulas.?, When the constants of elasticity are 
known, Airy’s function will also define the strains and de- 
trusions by simple formulas, but the determination of the 
displacements is less direct. The solution described in 
this paper may be interpreted as a variant of a solution 
given by A. E. H. Love. Simple formulas are obtained by 
use of functions of a complex variable. 


STRESSES AND STRAINS IN A FREE SLICE 


HEN the stresses in a solid are functions of the rec- 
tangular coordinates z and y only, and when no body 
forces are present, the normal stresses o, and o, and the 


shearing stress r,, in the directions of x and y can be expressed in 
terms of an Airy function F by the formulas 


o°F /dy? 
= 
= 


a3 


4 
| 


If these stresses occur in a free slice, which is defined as a slice 
with unloaded sides and thin enough to permit ignoring all trans- 
verse stresses, and if the material is elastic, homogeneous, and 
isotropic, the corresponding strains and detrusions can be stated 


as 
(OF 
E \oz? oy? 
20 + OF 


E being Young’s modulus and yu Poisson’s ratio. 
If E and yu are constant, F must be a biharmonic function, 
satisfying the equation 


in which A is Laplace’s operator 


Use or Funcrions oF A CoMPLEX VARIABLE 


Any biharmonic function F can be stated in terms of harmonic 
functions y, which satisfy the equation Ag = 0, as follows: 


Dean of the Graduate School of Engineering and Gordon McKay 
Professor of Civil Engineering, Harvard University. Mem. A.S.M.E. 

* See, for example, ‘‘Theory of Elasticity,"” by S. Timoshenko, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1934, p. 25. 

* “Mathematical Theory of Elasticity,” by A. E. H. Love, fourth 
~~ Cambridge University Press, London, England, 1927, pp. 

205. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1941, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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The form of Equation [5] permits a variety of choices; when F is 
known, it is possible to choose any two of the four functions as 
zero and determine the remaining two. A great number of the 
Airy functions which are in use may be identified readily according 
to the form of Equation [5]. 

Any harmonic function ¢, can be interpreted as the real part 
ReZ,, or the imaginary part ImZ,, of an analytic function 


Z, = Z,(z) = ReZ,, + (6) 
of the complex variable 
Therefore, Equation [5] can be restated as 
1 
F= zReZ; ylmZ; + Reds. see 


With Z’, = dZ,/dz, the following equations apply: 


Z', = 
ReZ’, 5 
ImZ’, = 
oz oy 
It is expedient to introduce an additional function Z defined as 


By applying Equations [9] to Equation [8], it is found that Z in 
Equation [10] has the significance that 


DISPLACEMENTS IN A FREE SLICE 
The following formulas for the displacements = and q in the 
directions of z and y will be examined: 


1 oF 


1 oF 
+0 | 


When deformations are computed from Equations [12] by the 
formulas 


= 
€, = dn/dy 
Yey = + 


and Equation [11] is used, Equations [2] are reproduced. There- 
fore, Equations [12] may be accepted as defining displacements in 
a free slice in which the Airy function F defines the stresses. 
Terms may be added in Equations [12] to represent a superposed 
translation or rotation. 

It is advantageous to restate Equations [12] in a single equation 
defining the resultant displacement of any point of the middle 
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plane of the slice as a vector p, which will have the two compo- 


> 
nents and 7. With Z denoting a vector having the two com- 
ponents ReZ and ImZ in the directions of xz and y, and with VF 
denoting a vector having the two components OF /dx and OF /dy 
in the directions of x and y, the resultant displacement becomes 


> 
Ez (1 + | 


The displacements p, and pg in the directions of increases of 
the polar coordinates r and @ may be derived from Equations [12] 
or may be read from Equation [14]. One finds 


?, = | — a | 
or 
ate 
r 00 | 


EXAMPLE: DISTURBANCE BY DRILLING A HOLE IN A STRESSED 
PLATE 


One example will be sufficient for demonstration. A large plate 
is considered which is loaded at the edge so that a uniform state of 
stress is created witho, = —p, o, = p,andr,, =0. The cor- 
responding Airy function may be stated as 


_! 


2rI 
r 

” 


1 | 


The origin of coordinates is assumed to be near the middle of the 
plate. A small hole is now drilled with the edge r = a, while the 
load at the outer edge is maintained. The new Airy function 


1 
F,= p(r — a*/r)* cos 20.............. 


represents correctly the new disturbed state of stress, because F; 
defines the same stresses as F, at great values of r, satisfies the 
conditions F, = dF;/dr = 0 at r = a, and fits the form of Equa- 
tion [5]. 

It is desired to determine the difference made in the displace- 
ments by the drilling of the hole. The difference in the stresses is 
defined by the Airy function 


F=aF,—F, = p(— 2a? + at/r*) cos 20...... 
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In interpreting Equation [18] according to Equation [5], it is 
convenient to choose = = 0. Then 


= ReZ; = -—2pa?r~* cos 20....... 


which permits the statements 
Zs = —-2pa*z~* = 2pa*r—? (—cos 20 + isin 20) = Z/z.... |20] 


By substituting from Equations [18] and [20] in Equations 
[15], one finds that the following increases of displacement are 
caused by the drilling of the hole: 


p, = (pa/E)(|—4a/r + (1 + u«)(a/r)3] cos {21} 


CONSTRAINED SLICES 


A constrained slice differs from a free slice in that its sides, in- 
stead of being unloaded, are forced by adjacent similar slices to 
remain in their original planes. The transverse normal stress 
required to prevent transverse strain is u(¢, + ¢,). But Airy’s 
function defines the stresses o,, ¢,, 7,, in constrained slices as in 
free slices, by Equations [1]. 

It is a simple matter to show that the strains in the planes 
parallel to the sides in the constrained slice can be computed as 
strains in a free slice by replacing F and » by the modified values 


E’ = E/(1 — p?) | 
| 


The modulus of elasticity in shear G requires no modification; 
G may be expressed in either of the following two ways: 


E 


= = —— 
2(1 2(1 + 


A formula for the resultant displacement p in a constrained 
slice therefore may be written by replacing EF and u in Equation 
[14] by and yw’ in Equations [23]. By introducing according 
to Equations [24], one finds 


> 
[20 — | [25] 


Equations [12] and [15] for the components are replaced by 
changing the constants to the values shown in Equation [25]. 
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Influence Surfaces for Stresses in Slabs 


By FRANCIS M. BARON,! NEW HAVEN, CONN. 


The investigation reported herein presents a formal 
analytical solution of some problems involving influence 
surfaces for stresses in slabs.? It deals primarily with the 
determination of influence diagrams for stresses in homo- 
geneous elastic slabs and is based upon the extension of 
Miiller-Breslau’s principle established in structural me- 
chanics. The analysis is based upon the classical pro- 
cedure of obtaining a solution of Lagrange’s differential 
equation of the deflected middle surface of the slab, satis- 
fying at the same time, all of the boundary conditions at 
the various edges. 

Systematic use of a stress function, introduced by Nadai 
in the theory of slabs, is made in forming the expressions 
for bending moments, twisting moments, and shears at 
any point of a semi-infinite slab cantilevered from a single 
fixed edge. The problem is meant only as an illustration 
in the use of Nadai’s stress function when a fixed edge 
condition is desired. 

The influence surface for a bending moment at a point 
on the fixed edge of an infinitely long rectangular slab, 
with a fixed edge transverse to two paralle] simply sup- 
ported edges, is defined by a function in¥inite form. Con- 
tour lines of the influence surfaces for the bending mo- 


NoraTION 
THE notation used in this paper is as follows: 


The origin of co- 
The z 


z,y = horizontal rectangular coordinates. 
ordinates is always at a fixed edge of the slab. 
axis is always perpendicular to the fixed edge 

deflection of slab, positive downward. In special cases 
subscripts or primes may be used with z to designate 
particular deflection functions 

u,v = particular values of z and y, respectively 

a,b = distances or span lengths of a panel of the slab 
h = thickness of the slab 


3 
I = . = moment of inertia per unit width of the slab 
E = modulus of elasticity of the material of the slab 
u = Poisson’s ratio of lateral contraction for the material of 
the slab 
EI 
N = rear = measure of stiffness of an element of the slab 


v 


concentrated load applied perpendicularly to the plane 
of the slab; positive when acting downward 

distributed load per unit of area, positive when acting 
downward 


w 


' Assistant Professor of Civil Engineering, Yale University. 

* This work represents a thesis submitted to the Faculty of the 
Graduate School of Engineering of Harvard University in partial 
fulfillment of the requirements for the degree of Doctor of Science in 
the field of civil engineering, April, 1939. 

Presented at the National Meeting of the Applied Mechanics 
Division of THe AMmpRICAN SocteTy OF MECHANICAL ENGINEERS, 
Ann Arbor, Mich., June 20-21, 1940. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1941, for publication at a later date. Discus- 
sion received after closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


ments at the quarter points and at the mid-point of the 

fixed edge are given. 

The solution for the infinitely long rectangular slab is 
considered as a basic solution to which a correction func- 
tion is added to obtain any desired condition along a line 
parallel to the fixed edge. The correction functions re- 
quired to ob ‘ain either a simple or fixed support along a 
line parallel to the given fixed edge are stated in the form 
of aninfinite series. A few illustrative figures of the result- 
ant diagrams are given. Approximate formulas for the 
correction functions are also stated. 

Influence functions are stated for the moments at the 
mid-point and at a point on the fixed edge of a circular slab 
with a fixed edge. Contour lines of the influence surfaces 
are given. 

Each solution defining an influence surface for a stress at 
a given point of a homogeneous elastic slab may also be 
used to solve the related two-dimensional problem of 
stressesinaslice. A slab isconverted into a slice when the 
loads applied transverse to the slab are replaced by forces 
that are parallel to the middle plane of the slice and pro- 
duce no bending or transverse shears. 

0,0, 2 = vertical shear per unit of length, acting on sections nor- 
mal to the z and y axes, respectively; positive when 
acting upward on the part having the larger values 
of z or y, respectively 

m,,m, = bending moments per unit of length, acting on sections 
normal to the z and y axes, respectively; positive 
when producing compression at the top of the slab 

m,, = twisting momeht per unit of length, acting on sections 
normal to the x and y axes, respectively; positive 
when producing compression at the top of the slab 
in the direction of the line z = y 

Tasty = vertical reaction per unit of length, acting on sections 
normal to the z and y axes, respectively; positive 
in the same sense as the corresponding shears 

te = concentrated reaction at a corner 


n = an integer. A particular summation is to be carried 
out for the integral values indicated under the summa- 
tion sign 

c,k = constants 

A * + oy Laplace’s operator in two variables 
= 


= 2+ ty 
Various other quantities are defined in the text where they are 
used. 


EXTENSION OF Mi@LLeR-BRESLAU’s PRINCIPLE TO SLABS 


Miiller-Breslau (1)* established the principle in the field of 
structural mechanics that any influence diagram representing an 
effect produced at one point of an elastic structure by a load of 
one unit at any point may be obtained as a deflection diagram. 
This principle may be applied in general to elastic slabs. 

The extension of Miiller-Breslau’s principle to slabs is limited 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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for the present to the consideration of an influence diagram for a 
bending moment at a point of an elastic slab. Consider the gen- 
eral case of an elastic slab, as represented in Fig. la, supported 
by any combination of elastic or rigid supports. The slab may 
or may not have openings extending through the thickness of the 
slab. The elastic slab considered does not have to be of constant 
thickness and, furthermore, the material of the slab does not have 
to be homogeneous and isotropic. It is desired to obtain the 
bending moment m, produced at point 1 by a concentrated load 
P = 1 acting at point 2. The value of the bending moment m, 
produced at point 1 by aload P = 1 at point 2 is plotted at every 
point z,y. The locus of a point with the three rectangular co- 
ordinates z,y,m, is the desired influence surface for m, at point 
u,v. 


P 


Fig. 1 Case or AN Exastic Stas 

A mechanism is imagined as being introduced into a straight 
slit extending from point u,v — e to point u,v + e of the elastic 
slab as indicated in Fig. 1b. It is assumed that by means of this 
mechanism any desired condition of deformation may be ob- 
tained along the slit. 

Two separate actions A and B applied to the slab are con- 
sidered. In action A the slab is subject to the load P = 1 at the 
point z,y as in Fig. la; and the mechanism in action A is assumed 
to be stiff, allowing the slab to deform in the same manner as if 
the mechanism had not been previously introduced. The load P 
= 1 produces bending moments m,’ along the line z = u, with 
m,’ = m, at point u,v. In action B the slab carries no vertical 
load, but the slab is deformed by means of a distributed load ap- 
plied to the mechanism creating any desired change of the slopes 
0z/dz within the intervalvu—etov-+e: The change in the slopes 
is designated by a. In action B the mechanism is imagined to 
cause no changes along the slit in the deformation of either the 
transverse twist or shear. The resultant deflection produced at 
point z,y by action B is denoted by z. The difficulty of large 
values of z is disposed of by assuming a small scale for the deflec- 
tions; this is possible because the deflections of interest are di- 
mensionless constants. 

It is necessary now to make use of the reciprocal theorem of 
Betti (2) and Rayleigh (3, 4). The theorem compares two dif- 
ferent states of stress of an elastic structure. The statement of 
the theorem is as follows: The work done by the loads of the 
first state of stress acting over the corresponding paths produced 
by the second state of stress is equal to the work done by the loads 
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of the second state acting over the corresponding paths produced 
by the first. The theorem is derived (5) by means of the prin- 
ciple of conservation of energy and applies to a structure where 
Hooke’s Law holds, and where superposition of effects is valid, 
The work done by the loads of action A acting over the corre- 
sponding paths produced by action B becomes 


No work is done by the loads of action B acting over the corre- 
sponding paths produced by action A; therefore, application of 
the reciprocal theorem to the case considered yields 


ste 
-— ady... 


A function @ is now chosen so that 
o+e 


Let the distance e be narrowed so that e approaches 0 as a limit, 
maintaining at the same time the value of the integral expressed 
in Equation [3]; whereby the distributed diagram of slopes along 
the slit is changed into a concentrated slope at point u,v. Then 
Equation [2] becomes 


That is, the influence surface for the bending moment m, at 
point u,v is the elastic surface z. 

The influence surface for either a twisting moment or a shear at 
point u,v may be obtained as a deflection diagram in a manner 
similar to that outlined for obtaining the influence surface for a 
bending moment. The influence surface for a twisting moment 
m,, at point u,v is the elastic surface produced by concentrating 
in a like manner any desired diagram of deformation due to a 
twist created along the slit by means of the mechanism mentioned. 
It is assumed now that the mechanism causes no change along the 
slit in the deformation of either the transverse bending or shear. 
Similarly, the influence diagram for a shear vz at point u,v is the 
elastic surface produced by concentrating any desired diagram of 
deformation due to a shear created along the slit by means of the 
imagined mechanism. In this case it is assumed that the mecha- 
nism causes no change along the slit in the deformation of either 
the transverse bending or twist. 


STRESSES AT A PorINnT oF A SEMI-INFINITE SLAB CANTILEVERED 
From A SINGLE FIxEep 


The properties of the slab dealt with in the present and succeed- 
ing discussions will now be defined. 

1 The slab is of constant thickness of homogeneous, elastic, 
isotropic material. 

2 A straight line drawn normal to the middle surface of the 
slab, before the bending, remains straight and normal to the de- 
flected middle surface after the bending. 

3 The slab is one which is neither so thick in proportion to 
the important horizontal dimension that an appreciable amount 
of strain energy is contributed by the vertical stresses (shears, 
tensions, and compressions), nor so thin that an appreciable part 
of the strain energy is due to the stretchings and shortenings of 
the middle surface when the slab is bent. 

The ordinary theory of flexure of slabs is based upon the fore- 
going assumptions. . The derivations of the fundamental equa- 
tions of the theory are available in a number of places in the 
literature (6, 7). It is sufficient here to summarize the relations 
necessary for the present work. 
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The forces acting on an element of a slab are shown in Fig. 2. 
The equilibrium conditions of the element and the relationship 
existing between moments and deformations leads to the expres- 
sions for moments 


maw 
m, = —N (= (6) 
m,, = —N (1 — ») = (7) 
where the quantity 


may be interpreted as a measure of the stiffness of the slab. 
With the use of Laplace’s differential operator for two dimen- 
sions 


+ [9] 
the vertical shears are expressed by the equations 
[10] 
Az 
{11] 
dy 


Substitution of the expressions for moments into the equation 
of statics expressing the equilibrium of the element of the slab 
leads to Lagrange’s differential equation governing the deflection 
of the neutral surface of the slab, namely 


For an unloaded element o/ the slab, w = 0, the differential equa- 
tion expressed in Equation [12] becomes 


A-5 


The reactions may be stated in terms of the shears and the 
twisting moment, or in terms of the deflection by means of the 
following equations 


% + oy N | + (2 2 [14] 
om #2 


In addition, there exists at every corner having edges normal 
to the axes of x and y a concentrated reaction r, equal to twice 
the value of m,, at the particular corner. 

It will be expedient to make use of a stress function of the type 
introduced by Nddai (8, 9) and Carothers (10). Carothers de- 
fined a harmonic function such that the stresses in problems of 
plane strain may be obtained through the function and its deriva- 
tives. N&dai observed independently that by introducing the 
same function, the curvatures and twists of an elastic slab may be 
expressed through the use of the function and its derivatives. 

The function introduced is denoted by ¢ = ¢o(z,y) and satis- 
fies the condition Ag = 0. If the deflection 20 of a slab is ex- 
pressed as rqo, then z. may be shown to satisfy the biharmonic 
equation A*z) = 0. The sum of a number of such functions plus 
a constant also satisfies the requirement A*z, = 0. Then let 


where Y(y) is a function of y only and is to be determined. By 
differentiations, one finds 


* 
2N — = 17 
2 2 
But since ¢) was chosen as a harmonic function, oe =— <> 
oy? dz? 
then 
* dbo 
N— =— — 
oy 
2N dy? = do — — + Y {19] 


Fic. 2 


Forces AND CoupLes ACTING ON AN ELEMENT OF A SLAB 
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obtained through the proper use of the following three harmonic 
functions 


The function Y’(y) is now chosen equal to [¢o]z=o, then 


Odo 
One finds further 
1 
2 2 


x + u)? + (y—v)? 


It is well to note the formation of the above expressions. The 


[24] function ¢’ has a singularity at the point u,v and ¢” has a similar 
2 2 2 ox singularity at the point —u,v. The expression for ¢’’’ has the 
7 2 2 RS: The resultant deflection produced at point z,y by the load P? = 
: " 1 at point u,v is expressed as the sum of three component deflec- 
my = tions 


bi Each resultant slope, curvature, and twist is formed as the sum of 
or three components, where 


Oz’ 
2N m (x — u)d’........... 


It is observed that whereas the stresses defined through the de- ee a 
flection function are independent of the choice of axes, the use oz? 
of Nddai’s stress function is dependent on the axes chosen. 


oz 


oz 

02” o¢” 
2N — = — . (39 

ic. Semi-Inrinrre CANTILEVERED FROM A SINGLE FIXED 
Epce 


Consider now the use of Nddai’s stress function to determine 
the bending moments, twisting moments, and shears produced at 


and 


point z,y of the semi-infinite cantilevered slab shown in Fig. 3 N on’" wee (41) 
by a concentrated load P = 1 at point u,v. The solution may 2 

be obtained by a partly deductive process. It is sufficient for 

the present purpose to state the solution and then verify it. The N O%2!/"" = og"”’ (49] 
solution must satisfy the following requirements: First, the 2 "+e 
differential equation governing the flexure of the slab at all points 

of the semi-infinite plane except at the point of application of the NV O%2'"’ oa og'”’ 143] 
load P = 1. Second, with z denoting the resultant deflection, 2 dy? os — mee 
dz/oz = 0 when z = 0. Third, the curvature 0°z/dy? and the 

twist 0°z/0x2dy both become zero when z = 0. Fourth, Az = 0 N 072!" 0¢’”’ 44] 
at z = +o and for y = +. Finally, the total vertical shear 2 

at the circumference of a small circle drawn around the load 

shall be —1. The expressions for the resultant bending moments, twisting 


The bending moments, twisting moments, and shears may be moments, and shears produced at point z,y by the load P = ] 
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at point u,v are obtained by substitution of the quantities ex- 
pressed in Equations [33] to [44] into the relationship expressed 
in Equations [5], [6], [7], [10], and ]11]. One finds 


ui, 
+ (r+ u + 2 | [45] 
m, = 9 + + a 
my, = 2 | (x u) dy (x u) oy + dy | 
(47) 
” 
v, =—— + + [48] 
or 
v [¢’ + + [49] 


To verify the solution defined, one may begin by observing that 
A(¢’ + ” + ¢’’’) = 0 at all points of the semi-infinite plane 
except at the point of application of the load P = 1. Secondly, 
one finds that the slope 0z/dz expressed in Equations [33], [37], 
and [41] becomes zero when z = 0. Thirdly, one finds by Equa- 
tions [35], [39], [43] and [36], [40], and [44] that the curvature 
0*z/dy? and the twist 0°z/dzdy are both equal to zero when z = 0. 
Fourthly, ¢’ + ¢” + ¢’”’ becomes zero when z = + ory = 
+o. In order to verify the requirement that the total shear at 
the circumference of a small circle drawn around the load is —1, 
it is to be noted that ¢’ is the only function that has a singularity 
at point u,v in the semi-infinite plane that is being considered. 
The other two functions, ¢” and ¢’’’, have no singularities in the 
semi-infinite plane considered. It can be concluded, from the 
requirement of equilibrium of the material within the small cir- 
cle, that the contribution of ¢” and ¢’’’ to the total vertical shear 
at the circumference of the small circle drawn around the load is 
equal to zero. It is necessary to determine the contribution of ¢’ 
to the total vertical shear at the circumference of the small circle. 
Let r denote the distance between the points u,v and z,y. Then 
Equation [29] becomes 


The vertical shears expressed in rectangular coordinates may be 
written: = —0¢'/dz; vy’ = —d¢'/dy. Correspondingly, 
the vertical shear in a section perpendicular to the radius vector r 
may be written: v-’ = —d@’/dr. Then Equation [50] gives 
v,' = —1/2zr, that is, the total shear at the circumference of the 
small circle with radius r is —1. Thus all the requirements are 
satisfied. 

It is now possible to obtain the functions defining the influence 
surfaces for the stresses at point u,v of the semi-infinite canti- 
levered slab. It is necessary for this purpose to let the points 
uv and 2,y exchange significance with z,y and u,v, respectively. 
That is, one replaces u,v,z, and y in Equations [45] to [49] by 
Z,y,u, and v, respectively. 

The principle of Miiller-Breslau was applied directly by Wester- 
gaard (11, 12) in obtaining the influence functions for a bending 
moment m, and for a reaction r; at the origin of coordinates at the 
fixed edge of the semi-infinite cantilevered slab shown in Fig. 3 


For the special case of u = 0, v = 0, the influence surfaces are de- 
fined by the following equations 


az? 
az = — 51 
[51] 

[52] 

3 
[54] 
w (z* + y*)* 

2 

[55] 


where the subscripts denote each particular influence function 
defined. 

The curvatures and twists of the deflection diagrams, due to 
each concentration of deformation at a particular point of a 
homogeneous elastic slab under investigation, may also be used 
in obtaining stresses in slices through the analogy of slabs and 
slices established by Westergaard (13). By use of the analogy, 
the deflection diagram resulting from each concentration of defor- 
mation at a point of the semi-infinite cantilevered slab may be 
used to determine the stresses in a semi-infinite slice with an un- 
loaded edge and a particular singularity existing at the point 
under investigation. 


INFLUENCE SURFACES FOR THE BENDING MOMENTS AT THE FIXED 
EpGE oF AN INFINITELY LoNG RECTANGULAR SLAB WITH A 
Frxep Epce TRANSVERSE TO Two PARALLEL SIMPLE Supports 


A rectangular slab is now considered as shown in Fig. 4. The 
slab has a fixed edge along the line x = 0 and simply supported 
edges at y = +b/2. The slab is assumed to extend indefinitely 


y Pst 
y 


a 


Fie. 4 Inrintrety Lone REcTANGULAR SLAB WITH A FIxEp EDGE 
TRANSVERSE TO Two PARALLEL StmpLy SuPPORTED EpGES 


far in the direction of x. The function z defining the influence 
surface for m, at the point 0,—v may be obtained through the 
application of the method of images. 

In the immediate neighborhood of the point z = 0, y = —, 
the influence surface is defined by 


x? 
+ (y +0)? 
where Equation [56] agrees with Equation [51]. 
to write Equation [56] in the form of 


[20] 


It is expedient 


wherein, k is a constant and Z is a function of the complex vari- 
able = x + ty. Equation [56] written in the form of Equation 
[57] becomes 


= —~ Re 
a 
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The function zo defining the influence surface for the moment 
mz at point 0,—+ of the infinitely long rectangular slab shown 
in Fig. 4 may be obtained by a partly deductive process. It is 
sufficient here to state the solution and then verify it. The in- 
fluence function is stated as 

.. [59] 


2b 


Zo = 


E (¢ + — Re tanh ob 


Equation [59] may be written as 


sinh 
2) my + v) 
os — cos 
b 
sinh 


The foregoing solution satisfies all the flexure and boundary 
requirements. One finds that z. = 0 for y = +b/2, forz = @ 
and for z = 0 except at the point 0,—». By differentiation, one 
finds 0zo/Oz = 0 along the line zx = 0 except at point 0,—» where 
a singularity exists. By further differentiations, one finds Azo = 
0 for y = +b/2 and for z = ~, Since Equation [59] is in the 
form of Equation [57], the requirement that A%zp is zero at all 
points, except at the point 0,—, is satisfied. In the immediate 
neighborhood of the point 0,—v, Equation [59] may be replaced 
by Equation [56]. Thus all the requirements are satisfied. 

Figs. 5 and 6 represent values of the influence coefficients com- 
puted from Equation [59] when v = 0, and v = 0.25b, respectively. 
The coefficients are expressed as pure numbers. Thus a given 
load P acting at point z,y produces a bending moment m, at 
point 0,0 equal to the corresponding influence coefficient expressed 
in Fig. 5 multiplied by the load P. If, for example, one reads in 
Fig. 5 the influence coefficient of m, equal to —0.2 for a given 
position of P, then the value of m: at point 0,0 for a given load P 
is: m, = —0.2P, or with P = 10,000 lb, m, = —0.2 X 10,000 
lb = —2000 Ib (the unit of bending moment per unit of width 
being inch-pounds per inch or foot-pounds per foot or simply 
pounds). If units of the metric system are used, the coefficients 
of Figs. 5 and 6 remain unchanged. 

It is well to note the reciprocal relationship that exists, namely, 
a load P(x) distributed along a line y = c produces a bending 
moment m, at point 0,—»v equal to the bending moment m, pro- 
duced at point 0,¢ by the same load P(z) acting along the line 
y =—+v. This relationship may be seen to exist by inspection of 
Equation [60]. 

The reciprocal relationship is of practical aid in the sketching 
of an approximate influence suriace for m, at any point along the 
fixed edge. For example, it is desired to obtain an approximate 
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influence surface for m, at the point 0,—0.1b of the slab. With 
the application of the reciprocal relationship and use of the values 
in Figs. 5 and 6, one finds immediately the influence coefficients 
along the line y = 0 (values in Fig. 5 along y = —0.1b), and also 
the influence coefficients along the line y = —0.25b (values shown 
along y = —0.1b of Fig. 6). With knowledge of the singularity 
at the point 0,—0.16 and all the boundary conditions that must 
be satisfied at the various edges, it is now possible to sketch the 
approximate influence surface. If necessary a few auxiliary 
values may be computed from Equation [60]. 


RECTANGULAR SLAB WITH A FIxED EpGE TRANSVERSE TO Two 
PARALLEL Srmp_y SuPPORTED EDGES AND WITH DEsIRED ConpDtI- 
TIONS ALONG A LINE PARALLEL TO THE FIxED EDGE 


It is of practical interest to determine the influence function for 
m, at the point 0,—» of a rectangular slab as shown in Fig. 7. 
The slab has a fixed edge at x = 0, simply supported edges at y = 
+b/2, and either a fixed or a simply supported edge at z = a. 

The influence function is denoted by z. The influence surface 
defined by z may be found as the sum of two component deflection 
diagrams 


where 20, defined by Equation [59], is the deflection diagram pro- 
duced by the concentration of slope at the point 0,—+ of the in- 
finitely long rectangular slab, and z, is the required correction 
diagram to be added to z in order to obtain a desired condition at 
z =a. The amount of correction z; to be added to zp depends on 
the amount of disturbance created along the line z = a and de- 
fined by 2p. 

The correction function z; must fulfill the following require- 
ments. It must satisfy the equation of flexure A*z, = 0 at all 
points of the slab. The boundary conditions require that z; = 0 
and Az, = 0 when y = +b/2, and also that z; = 02,/dz = 0 
when z = 0. The function z; must introduce no singularities. 
It must be possible to obtain any desired condition along the 
line z = a. 

Maurice Lévy (14) showed how Lagrange’s equation, when ap- 
plied to rectangular slabs with certain types of supports may be 
integrated by a semi-infinite series depending on hyperbolic 
functions. The general solution for the function z; which applies 
to the case of a rectangular slab with a fixed edge at z = 0 and 
simply supported edges at y = +b/2 is given by 


1,3,--- 
ner net | ner 
b cosh 7) +B, b sinh b | 
. [62] 
sin sin | 4. (sim 


where the constants A, and B, are to be determined by the de- 
sired conditions along the line z = a. 

To obtain a fixed edge along the line z = a of the slab, the con- 
stants A, and B, of Equation [62] are determined by the boundary 
conditions along the line z = a, namely 


/ 
cosh + cos ———— Bak. 
nry naxx 
cos —— cos -——| A, sinh —— 
b b b 
cosh + B, sinh | 
= 
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Then one finds 
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Figs. 8, 9, and 10 represent the resultant influence values for the 
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TABLE 1 COMPARATIVE VALUES OF THE CORRECTION FUNC- 
TION a (TO OBTAIN A FIXED EDGE AT z = a)@ bending moment m, at point 0,0 of the rectangular slab shown 


a/b = 2.0 i sas Riana a/b = 05—— in Fig.7 (fixed edge at x = a), when a/b = 2.0, a/b = 1.0, and 
+afrom +zafrom +zfrom +a from +2 from +2 from a/b = 0.5, respectively. 


z Equation Equation Equation Equation Equation Equation 

a {67] [62] [67] [62] 67] 162] Although the series expression for the correction function 2; 
1.00 0.0075 0.0075 0.0866 0.0866 0.2173 0.2173 stated in Equation {62] converges fairly rapidly, depending upon 
0.75 0.0081 0.0060 0.0871 0.0869 0.1967 0.1968 

0.50 0.0035 0.0021 0.0509 0.0512 0.1287 0.1199 the ratio a/b, it is cumbersome for numerical computations. For 
0:00 0.0000 00000 0.0000 0.0000 00000-00000 this reason, it is thought advisable to state an approximate ex- 


ssion e correction function required to be added to the 
* Computed from Equations [62] and [67] when y = 0 and vr = 0. oe for th . q 
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function defined in Equation [59] in order to obtain a fixed edge 
along the line z = a. The approximation that may be used for 
slabs with panel proportions ordinarily encountered in bridge 
floors is stated as 


[1+ (a/b)} 
a b a 


Thus in computing the values of the influence function zo along 
the line z = a of the infinite slab, one obtains at the same time the 
values to be used in the approximate formula for the correction 
function 2. 

Comparative values of the correction function z,; were com- 
puted from Equations [62] and [67] and are given in Table 1. 

To obtain a simply supported edge at x = a, the constants 
A, and B,, of Equation [62] are determined by the two conditions 
at z = a, namely 


Solving the two simultaneous equations, one finds 


[70] 
b b b 
2 sinh? 
B, = ——..... [71] 
<4 b 


Figs. 11 and 12 show the resultant influence coefficients for 
mz at the point 0,0 of the rectangular slab shown in Fig. 7 (simply 
supported edge at z = a), when a/b = 1.0 and a/b = 0.5, respec- 
tively. 

The following formula applies as a good approximation for 
the correction function required to be added to 2 in order to 
obtain a simply supported edge at z = a 


[1+ (a/b)] 
Zz 


Comparative values of the correction function z: were computed 
from Equations [62] and [72] and are given in Table 2. 


TABLE 2 COMPARATIVE VALUES OF THE CORRECTION FUNC- 
TION z1 (TO OBTAIN A SIMPLY SUPPORTED EDGE AT g = q)* 


——a/b = 1.0 —a/b = 
med +2 from +2 from a from +2: from 
a Equation [72] Equation [62] Equation [72] Equation [62] 
1.00 0.0866 0.0866 0.2173 0.2173 
0.75 0.0487 0.0466 0.1411 0.1416 
0.50 0.0217 0.0214 0.0768 0.0732 
0.25 0.0054 0.0062 0.0272 0.0214 
0.00 0.0000 0.0000 0.0000 0.0000 
@ Computed from Equations [62] and [72] where y = 0 and v = 0. 


Fig. 13 CrrcuLar SLAB WITH A FIxep EpGE 
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INFLUENCE SURFACES FOR STRESSES IN A CIRCULAR SLAB WITH 
A Frxep EDGE 


Fig. 13 shows a circular slab with a fixed edge atr = b. Michell 
(15) obtained a simple solution for the deflection of the slab sub- 
ject to an eccentric load on the slab by a process of inversion of 
the solution for a central load. 

A few examples of influence functions are considered which 
may be obtained directly from knowledge of the types of singu- 
larities which must be accounted for. The influence functions 
for the bending moments m: and m, at the point r = 0 are given 
by Equations [73] and [74], respectively, which are 


Fig. 14 Contour LINEs oF SURFACE REPRESENTING THE BENDING 
MoMENT mz PRODUCED AT THE Point r = O OF A CIRCULAR SLAB 
Wits a Fixep EpGe atr = b AND A CONCENTRATED LOAD P = 1 at 
THE Point r, 0 
(Values computed from Equation [73] when » = 0.) 


Fig. 15 Contour Lines or SurRFACE REPRESENTING THE TWISTING 
MoMENT mz, Propucep AT THE Point r = 0 oF A CrrRcULAR SLAB 
WitH A Fixep EpGe anp A ConcENTRATED Loap P = 1 AT THE 
Point r, 6 
(Values computed from Equation [78] when » = 0.) 
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BARON—INFLUENCE SURFACES FOR STRESSES IN SLABS 


1 2 
= +0) (21065 +15) 


1 
[zmylr = = + (2 log +1 


— — ») (: cos 20| .. [74] 


To verify the results, one may begin by observing that A?z = 0 
at all points of the slab except at the point r = 0 where a singu- 
larity exists. Secondly, one finds that the deflections and the 
slopes normal to the fixed edge are zero when r = b. To verify 
each singularity at the point r = 0, one may observe by use of 
Nddai’s function @ = (P/27) log (r/b) that in the immediate 
neighborhood of a concentrated load the bending moments and 
the twisting moments are given by 


Ls 


P r 

= | 20 + yu) log 5, + (1 — cos 
P r 

= — (1 + log (1 — cos 20| [76] 


Fig. 14 shows contour lines of the influence surface for m, at the 
point r = 0. The values have been computed from Equation 
[73] when = 0. 


Fig. 16 Contour Lines oF SURFACE REPRESENTING THE BENDING 
MoMEnT mz Propucep aT A OF THE FIxED EpGE oF A Circvu- 
LAR SLAB WiTH A F1xep EpGre AND CONCENTRATED Loap P = 1 AT 
THE PoINT 1, 
(Values computed from Equation [79].) 
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The influence function for the twisting moment m,, at the point 


r= 0 is given by 
2\2 


Fig. 15 represents values computed from Equation [78] when u 
is equal to zero. 

The influence function for the bending moment m, at a point 
on the fixed edge, for example, r = b, 6 = 0 is given by 


= — “(coe —2).....! 
= = “we 2b 


where now the origin of coordinates is at a point on the fixed edge 
and r; and 6; are the radius vector and the angle between the 
radius vector and the normal to the fixed edge, respectively. 

To verify the result expressed by Equation [79], one may ob- 
serve that it satisfies Lagrange’s equation and the conditions of 
zero deflection and zero slope normal to the fixed edge at every 
point along the fixed edge except at the point r, = 0 where a 
singularity exists. The singularity at the point r; = 0 is the same 
as the one defined by Equation [51]. Thus all the requirements 
are satisfied. 

Fig. 16 represents values computed from Equation [79]. 


[Zmay ly = 0 
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A discussion is given of the use of a total pressure-tem- 
perature diagram provided with reversible adiabatic and 
specific-humidity lines for mixtures of air and water vapor. 
The graphical relation between dew-point temperature, 
dry-bulb temperature, and specific humidity is given di- 
rectly for any total pressure on this chart. From this rela- 
tion the vapor pressure and relative humidity can be easily 
calculated. Certain chart lines give a close approxima- 
tion to the wet-bulb temperature for a limited range. 
This pressure-temperature chart should be convenient and 
useful for a wide variety of problems which involve these 
fundamental thermodynamic properties. 


employed in the study of mixtures of air and water vapor. 

These psychrometric charts, however, refer only to the 
properties at one total pressure of the mixture, namely, standard 
atmospheric pressure. Some charts have provided for small 
variations from the normal barometric pressure. While the con- 
ventional psychrometric chart is very convenient and useful for 
numerous problems, another type of chart can be employed to 
give other desirable features. Certain lines can be arranged on a 
pressure-temperature diagram to furnish important properties of 
air-vapor mixtures at a wide variety of pressures; such a diagram 
has the advantages of giving a direct easily understood physical 
picture and a graphic representation of the continuous variation 
of fundamental thermodynamic properties over a range of pres- 
sures. 

Several investigators as Hertz (1),2 Neuhoff (2), Refsdal (3), 
and others, have developed pressure-temperature diagrams with 
certain lines and interpretations; these diagrams were intended 
for meteorological studies. The object was primarily to provide 
convenient tools for investigating stability and energy available 
for convection in connection with vertical motions in the atmos- 
phere. Pressure-temperature diagrams can be adapted and inter- 
preted in still other fashions to provide fundamental information 
for the engineer concerned with other than these special meteoro- 
logical problems. 

The present treatment is intended first to demonstrate ex- 
plicitly that a pressure-temperature chart, of the type shown in 
Fig. 1, gives the relation between dew-point temperature, dry- 
bulb temperature, and the specific humidity for any pressure. 
Following this is a discussion dealing with the wet-bulb tem- 
perature. 


1): FERENT forms of psychrometric charts are commonly 


1 Associate Professor of Mechanical Engineering, Purdue Univer- 
sity. Mem. A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Applied Mechanics 
Division, Ann Arbor, Mich., June 20-21, 1940, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1941, for publication at alater date. Discus- 
sion received after closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Chart of Air-Vapor Mixture Properties at 
Ditferent Pressures 


R. C. BINDER,' LAFAYETTE, IND. 


A-14 


ConstrucTION OF CHART FOR DeEw-Pornt, Dry-BuLB, ANp 
Sreciric-Humipity RELATIONS 


The usual practice will be followed in assuming that (a) the dry 
air follows the ideal gas law, (b) the low-pressure steam follows 
the ideal gas law, and (c) Dalton’s law applies. 

In Fig. 1 the temperature scale is linear, while the ordinates are 
the 0.288 powers of the pressure. This particular power scale 
was selected to obtain straight lines for one set of curves. The 
pressure ordinate refers to the total absolute pressure of the mix- 
ture of air and water vapor. 

A dry isentropic line (drawn diagonally across the diagram) 
represents reversible adiabatic expansion or compression of a par- 
cel of air and superheated steam, it being assumed that no con- 
densation takes place. Application of the ideal gas law and the 
simple energy equation gives a familiar relation for computing 
these dry isentropic lines 


Tr _ 
T,  \P, 


where 7’ is the absolute temperature, P is the absolute pressure, 
k is the ratio of the specific heat at constant pressure to the 
specific heat at constant volume, and the subscripts refer to initial 
and final states. 


For Fig. 1 the value of was taken as the commonly 


accepted value of 0.288. Strictly speaking, this value is appro- 
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Fic. 1 Pressure-TEMPERATURE CHART 


(Ordinates give total absolute pressure of mixture of air and water vapor. 
Specific humidity is given in pounds ot vapor per 1000 pounds of dry air.) 


priate only for an isentropic process with dry air. Since con- 
sideration of the superheated steam affects only the third decimal 
in the exponent of the pressure ratio, the effect of the steam will 
be neglected. 

In this discussion the term “specific humidity” is defined as the 
ratio of the weight of water vapor per unit weight of dry air. The 
constant saturation specific-humidity lines shown in Fig. 1 (hav- 
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ing numerical values at the upper ends) were computed by the 
following relation 


where W, is the number of pounds of saturated vapor per 1000 
pounds of dry air, e, is the saturation vapor pressure, and P is the 
total pressure of the mixture. Equation [2] can be developed by 
applying the ideal gas law to both the steam and the air. 

The specific humidity, as just defined, is sometimes termed 
“mixing ratio.’”” Sometimes specific humidity is defined as the 
ratio of the weight of water vapor per unit weight of moist air. 
These latter two values may differ within 1 to 2 per cent and there- 
fore may be interchanged and considered equal in some cases. 

There are two different vapor pressures for each temperature 
below 32 F, one for liquid and one for ice. For Fig. 1 the vapor 
pressures for all temperatures were taken for liquid. 


Use oF CuHart For Dew-Pornt, Dry-BuLB, AND SpecIFIc- 
Humipiry RELATIONS 


Besides certain obvious relations, the total pressure-tempera- 
ture chart gives directly the relation between the dew-point tem- 
perature, the dry-bulb temperature, and the specific humidity. 
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Fic. 2. IntusrratTion or Use or PRESSURE-TEMPERATURE CHART 


Referring to Fig. 2, assume a mixture of air and superheated 
steam at point A, with a known specific humidity W;. If the 
mixture is cooled at constant total pressure and constant specific 
humidity, the partial pressures remain the same. In particular, 
the vapor pressure is constant, and the dew point lies along the 
constant-pressure line through point A. Thus, at point A the 
saturation specific humidity may be greater than the known W4; 
ifso, there will be some point C at which the saturation specific 
humidity is equal to W;. Point C is then the dew point corre- 
sponding to the known specific humidity and total pressure. 

If the parcel of air and steam at point A were expanded in a dry 
isentropic process there would be no change in the invariant prop- 
erty specific humidity as long as no condensation takes place. 
At point D the actual specific humidity is equal to the saturation 
specific humidity—the relative humidity is 100 per cent. Point 
D is a convenient point of intersection. 

Knowing the specific humidity and the total pressure, the vapor 
pressure can be determined by simply applying Equation [2]. 

Calculation of the relative humidity at any pressure is a simple 
matter, involving the specific humidity at the dew point and the 
Saturation specific humidity. This latter value can be read from 
the chart line passing through the point corresponding to point A 
on Fig, 2. 

TEMPERATURE 


The relations given in the preceding discussion are relatively 


straightforward and involve no serious difficulties. As a further 
step, it is of interest to investigate the possibility of adapting the 
pressure-temperature chart for graphical relations involving the 
wet-bulb temperature. This latter problem is complicated some- 
what by mathematical and physical features; serious difficulties 
are encountered in attempts to obtain a completely satisfactory, 
practical solution. It was found, by comparing with recent con- 
ventional psychrometric charts, that certain lines on the pressure- 
temperature chart gave an approximation to the wet-bulb tem- 
perature. The agreement was close for a limited range. The 
following will treat first the nature of these lines and then the 
agreement with other charts. 

Referring to Fig. 2, consider the line labeled “saturated isen- 
tropic.” This is a line of constant total entropy for a mixture of 
air, liquid water, and saturated steam. In the plotting of these 
lines in Fig. 1 the contribution of the liquid phase to the entropy 
of the mixture was disregarded. 

As an illustration, consider a saturated mixture of steam and 
air at point B. Consider the “isentropic” expansion of this parcel 
as represented by the line BDE. During expansion water con- 
denses from the vapor. At point E the mixture consists of con- 
densed liquid, saturated vapor, and air. Cooling is counteracted 
to some extent by the liberation of latent heat. For the same 
pressure difference, Fig. 2 indicates that saturated isentropic 
cooling is less than dry isentropic cooling. Along BDE the 
specific humidity is reduced, but the relative humidity always re- 
mains 100 per cent. If the process is reversed at point E, the 
compression will be accompanied by evaporation of the moisture 
previously condensed. 

For temperatures above freezing, the equation for the saturated 
isentropic as given by Neuhoff (2) and others is as follows 


p’_c+Xe, T, M E 
where subscripts 0 refer to initial conditions, p' is the partial pres- 
sure of the air, c, is the specific heat of dry air at constant pres- 
sure, A is the reciprocal of the mechanical equivalent of heat, c is 
the specific heat of liquid water, R is the gas-equation constant for 
dry air, X is the weight of total water, condensed and uncon- 
densed, per unit weight of dry air, X’ is the weight of uncon- 
densed water vapor per unit weight of dry air, M is the modulus 
of the system of logarithms used, T is the absolute temperature, 
and L is the latent heat of vaporization. 

There is an isothermal decrease in pressure at 32 F as the con- 
densed moisture freezes during saturated isentropic expansion. 
Such an occurrence is probably unusual in practical cases. For 
temperatures below 32 F ice and steam exist in the air, the total 
latent heat includes both evaporation and fusion. 

Referring to Fig. 2, it was found that by following a saturated 
isentropic line through point D the point B approximated closely 
the wet-bulb temperature for a limited range. A comparison was 
made by determining the wet-bulb temperature for assumed val- 
ues of dew point and dry bulb. The values obtained from the 
pressure-temperature chart were compared with values given by 
two recent psychrometric charts (4, 5). The accuracy of reading 
these psychrometric charts was of the order of 0.1 F. It was 
found that the wet-bulb temperature given by the pressure-tem- 
perature chart agreed with the psychrometric-chart values within 
0.015 F per deg difference between dew-point and dry-bulb 
temperatures. For example, for a difference of 20 deg between 
the dew-point and the dry-bulb temperatures, the pressure-tem- 
perature chart gave a value within 0.3 deg F of either of the wet- 
bulb values given by the psychrometric charts. Where agree- 
ment was not exact the pressure-temperature chart gave values 
lower than those given by the psychrometric charts. 
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To summarize, for practical cases the pressure-temperature 
chart. provides a convenient tool for studying some important 
properties of air-vapor mixtures at a wide variety of pressures. 
The chart gives directly the relation between dew-point tempera- 
ture, dry-bulb temperature, and specific humidity at any pres- 
sure. A simple computation yields the relative humidity and the 
vapor pressure for any total pressure. For a limited range the 
chart gives approximately the wet-bulb temperature. For this 
limited range, knowing any two of the four properties, wet-bulb, 
dry-bulb, dew-point temperatures, and specific humidity at any 
pressure, the remaining two properties can be found by the simple 
construction shown in Fig. 2. 


MARCH, 1941 
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Transient Torques in Induction-Motor Drives 


By A. M. WAHL,' EAST PITTSBURGH, PA. 


When an induction motor is thrown across the line by 
the sudden closing of a switch, transient pulsating torques, 
which in typical cases may reach values from 3 to 6 times 
the nominal starting torque, are set up in the shafts, gear- 
ing, and couplings of the connected system. The actual 
magnitude of these torques depends not only upon the 
electrical characteristics of the motor but also on the me- 
chanical characteristics of the drive, i.e., coupling flexi- 
bility, motor, and load inertias. In this paper, which is an 
elaboration with additional experimental results of a pre- 
vious paper? by the author, a method is developed for cal- 
culating such systems, a typical example being the roll- 
table drive used in continuous-strip mills. Tests on typi- 
cal drives, carried out in parallel with the theoretical work, 
indicate that the method of calculation is satisfactory for 
practical use. A discussion of the transient torques set up 
during “plugging,”’ i.e., reversing rotation by inter- 
changing two leads, is also given. A consideration of such 
torques is particularly important where motors are 
started and stopped frequently or continuously since, 
under such conditions, fatigue failure may occur if the 
mechanical stresses developed exceed the endurance 
limit of the material. 


IN PRODUCTION 

T HAS not been generally realized that, when an induc- 
tion motor is thrown across the line by the sudden clos- 
ing of a switch, pulsating electrical torques of considerable 
magnitude are set up in the first instant after voltage is applied. 
Where the motor is coupled to an inertia load, these electrical 
torques in turn set up transient torque pulsations in the shafts 
and couplings of the connected system. The maximum shaft 
torques developed depend upon the load inertia as well as upon 
the coupling and motor characteristics, and in typical cases may 
be from 3 to 6 times the nominal starting or pull-out torque. 
Such torques may be particularly serious where high-torque high- 
resistance motors are used. Consequently, in cases where such 
motors are started and stopped frequently or continuously, it is 
necessary to design the mechanical parts so that the maximum 
stresses are kept below the endurance limit in order to avoid 
possible fatigue failure. The primary object of the investigation 
described in this paper was to develop a method of calculation 
so that the design of such systems might be carried out on a 
rational basis. Asa check on the theory, the results of tests made 

on typical systems are also given. 
A typical example of an induction-motor drive of the type 
under consideration is the roll-table drive used in continuous-strip 
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mills, Fig. 1. Essentially this consists of an induction gearmotor 
which drives a heavy roll through a flexible coupling. Such a 
system may be started and stopped a thousand or more times 
daily so that it is necessary to design for a fatigue condition. 

Although the present paper is primarily concerned with 
starting torques, the results of a few tests to determine transient 
plugging torques’ will also be reported. These tests indicate 
that, in many cases, even higher torques are developed during 
plugging than during starting. 


1—CALCULATION OF TRANSIENT STARTING TORQUES 


In this case, it is assumed that the coupling between motor and 
load, Fig. 1, has a linear torque-angle characteristic and, in addi- 
tion, that the load inertia is infinite. From electrical theory,‘ 
it may be shown that the transient electrical torques acting on a 
locked rotor at the instant after the switch is thrown consist es- 
sentially of a pulsating component at the current-supply fre- 
quency which dies out exponentially as indicated in Fig. 2. Al- 
though in actual motors the rotor is not locked, in most cases it is 
sufficiently accurate to assume this condition to be so for the 
first instant after the switch is thrown. 

Under these assumptions, the system consisting of motor, 
coupling, and roll may be simplified into the single-degree-of- 
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freedom system shown in Fig. 3, where 
the mass represents the inertia of the 
motor rotor; the spring, the coupling, 
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3 Transient plugging torques are those 
which are set up when the motors are sud- 
denly reversed while rotating at full speed in 
one direction, by interchanging two leads. 

4A method of calculating these electrical 
torques is discussed in a paper ‘“‘Transient 
Starting Torques in Induction Motors,”’ by 
L. A. Kilgore and the author presented at 
the 1940 A.I.E.E. Summer Convention. 
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and shaft flexibility; while the foree F(t) represents the electri- 
cal torque. acting on the rotor. It is also assumed that the 
natural frequency of the system is well below (say not over 
0.6) the current-supply frequency so that there will be no 
tendency for oscillations to build up due to resonance. Under 
these conditions, the peak torque will occur during the first cycle 
or so of the natural oscillation of the system, hence, damping 
may be neglected for a first approximation. 

Under these conditions it may be shown that, for the system 
of Fig. 1, the angular twist’ in the low-speed shaft is 


th 
= sin w,(t: — 
Wa I 


where w, 
F(t) 


= natural circular frequency of rotor-coupling system 
electrical torque applied to rotor (referred to low- 
speed shaft) 

I moment of inertia of rotor (referred to low-speed 

shaft) 


The investigation reported on previously‘ shows that there are 
two limiting cases to consider, as follows: 

Case (a) Switch contacts close simultaneously so that 
voltage is applied to all phases at the same instant. 

Case (b) Voltage applied to one electrical axis 90 deg later 
than on the other. This yields a worse condition than case (a) 
and simulates to some extent the practical condition where, due 
to unavoidable mechanical variations in the control equipment, 
closure of the switch contacts is not exactly simultaneous on all 
phases. 

For practical motors where the leakage reactance is small com- 
pared to the magnetizing reactance, it may be shown‘ that the 
electrical torques are given by the following: 

For case (a) 


e~™ cos (wt + + cos (wt — 
cos 


+ — 


{2} 
For case (b) 


T,=T, {1 + tan ¢[(1—c)e™™ + (4/1 


sin (wt + + v2 sin (. —o— *) \ . [3] 


cos } 4 
where Ai, Az are decrement factors 
cos ¢ = locked power factor 
w 2x times frequency of applied voltage 
c and a = tan~'c 
nominal starting torque 


From Equations [2] and [3], it may be seen that after a time 
the exponential terms die out and the torque becomes constant 
and equal to the nominal starting torque T7,,. 

Where the magnetizing reactance is large compared to the 
rotor or stator resistances as is true of most practical motors, 
the decrement factor \, will be small compared to w. Since 
@, < 0.6, the peak shaft torque will occur within the first few 
cycles of applied voltage and, hence, during this time the term 
e~™! may be taken as unity. With this assumption, by inte- 
grating Equation [1] the shaft torque 7 has the form 


T = T,{1 + + sin (wt + 2) 
+ By sin + ys) + Basin (wt + y)}.... [4] 


& “Vibration Problems in Engineering,’’ by S. Timoshenko, second 
ed., D. Van Nostrand Company, Inc., New York, N. Y., 1937, p. 104. 
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where the §’s and y’s depend upon w/w, and ¢. From this equa- 
tion it is seen that the shaft torque consists primarily of a con- 
stant torque 7’, on which is superimposed components at the 
natural frequency and at the supply frequency. 

For high-resistance rotors (say, where cos ¢ > 0.3), the term 
e~ dies out very rapidly during the first cycle of applied volt- 
age and, hence, may be neglected as far as any contribution to 
the maximum torque is concerned. In addition since w, is much 
smaller than w, it may be assumed as a first approximation that 
the phase angles y; and +4, Equation [4], are such that the torque 
components 8; and 8, at the natural and supply frequencies, 
respectively, will add directly. This will yield results on the safe 
side, the closeness of the approximation being greater for the 
smaller ratios of w,/w. With these simplifications the peak shaft 
torque (for high-resistance rotors) becomes 


T, = Tl + Bs + Ba) 


To find 7,, for case (a) (simultaneous voltage application to 
all phases) values of 8; and 8, are found by substituting 7, 
given by Equation [2] for F(é) in Equation [1] and integrating. 
Likewise 7’,, for case (b) is obtained by substituting 7, given by 
Equation [3] for F(t) in Equation [1]. Values of the ratios 7,,,/7, 
thus calculated between peak shaft torque and nominal starting 
torque are given as functions of the frequency ratios w,/w in 
Fig. 4, for case (a) (simultaneous voltage application) and in 
Fig. 5 for case (b) (nonsimultaneous voltage application) for 
various values of locked power factor cos ¢. It may be seen that 
the latter assumption yields the higher torques, and that peak 
torques as high as 4 to 5 times the nominal value may occur for 
cos ¢ = 0.5 and w,/w = 0.5. In utilizing these curves, it should 
be borne in mind that, because of the assumptions made, the 
ratios 7T,,/T, may be somewhat overestimated for the larger 
values of w,,/w. 


LINEAR CoupLING—FINITE Loap INERTIA 


The previous discussion is based on the assumption that the 
load inertia is infinite, an assumption which holds in many 
practical cases. There are other cases, however, where the load 
inertia is of the same order of magnitude as the motor inertia 
and, hence, this assumption does not hold. In such cases the 
results as given by Figs. 4 and 5 may still be used in the following 
manner. 

The differential equation of motion for the single-degree system 
with infinite load inertia is 


16 + = F(t) 


Similarly it may be shown that the differential equation for a 
system with finite load inertia is 


+ ko, = 


1,1, 


I, = 


Symbols J,, and /, are equivalent moments of inertia of motor 
and load, respectively. Symbol 6; = angular twist of the shaft- 
coupling system. Comparing Equations [6] and [7], it is seen 
that the system with finite load inertia is equivalent to a system 

I, 

Fit). 
I, + I, 
Hence, for such a system the curves of Fig. 4 and 5 may be used 
taking instead of the nominal starting torque 7’, a reduced value 
I 
T,( }. 
+ I, 


with infinite load inertia acted on by a torque 


This is equivalent to reducing the peak torque, 
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(Infinite load inertia assumed.) 


figured for infinite load inertia, in the ratio J,/(/,, + J/,). In 
computing the natural frequency w, a value 7, should, of course, 
be used instead of J,,. Thus it is seen that, if the motor and load 
have the same equivalent inertia, the peak torque, other things 
being equal, will be about one half that to be expected otherwise. 


NONLINEAR Loap INERTIA 


In many actual induction-motor drives the couplings used have 
pronounced nonlinear torque-angle characteristics. Where the 
load inertia is finite and where f(@) is the function representing the 
nonlinear torque-angle characteristic, the differential equation 
of motion may be written as 


FO $0) 


where in this case @ represents the angular twist of the shaft- 
coupling system. In general, the exact integration of such non- 
linear equations is impractical. However, if we again make the 
assumption that the natural frequency of the system, calculated 
by taking the coupling nonlinearity into account is, say, not over 
about 0.6 the current-supply frequency, we may expect the peak 
torque to occur during the first cycle of oscillation at the natural 
frequency. In such a case, a numerical method of integration 
similar to that described by Timoshenko® is ‘possible and has 
given good results when applied to the tests to be described later. 

Briefly the method is as follows: The time scale is divided 
into small intervals At. At the end of the first interval, F(t) is 
known from Equation [3] (assuming the worst case of voltage ap- 
plication). From Equation [8] a first approximation to the ac- 
celeration 6; at the end of the first interval may be calculated 
by taking f(0) = 0. The average value during this interval will 
be 6,/2 from which a first approximation to the angle @ at the 


end of the interval is ; (At)?. Using this value of 6, in f(@), a 


second approximation for 6; may be found from Equation [8] 
and from this a new value of 6; computed. In general, this 
process will be found to converge rapidly. By proceeding in a 
similar manner the peak value of @ and, hence, the maximum 
torque may be found. 

Theoretically this procedure may be used even when the supply 


* Reference (5), p. 126. 


(Infinite load inertia assumed.) 


Fig. 6 Test ARRANGEMENT FOR MEASURING TRANSIENT SHAFT 
TorQuEes 


frequency is near the natural frequency. However, in such 
cases the effect of damping would play an important part and 
the calculation would be complicated by the addition of a damp- 
ing term. Also the integration might have to be carried over 
several cycles to obtain the peak. These additional complica- 
tions appear to make the method of doubtful value in such 
cases. In any case, in actual design it is desirable to avoid 
resonance because of the possibility of high torques being built 
up. 


2—TESTS AND COMPARISON WITH THEORY 
Test APPARATUS 


A view of the test arrangement for measuring transient shaft 
torques is shown in Fig. 6. A 7'/.-hp induction gearmotor (5:1 
reduction ratio) is coupled by means of a flexible coupling to a 
heavy flywheel which simulates the load inertia for a typical roll- 
table drive in a continuous-strip mill. The torque pulsations are 
measured by means of the magnetic torsiometer shown. Es- 
sentially this. operates on the principle of the magnetic strain 
gage,’ and consists primarily of two coils having an armature 

7“Instrument for Measuring Small Displacements,” by B. F. 


Langer, Review of Scientific Instruments, vol. 2, June, 1931, pp. 336— 
342. 
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between them, the armature being held so that any twist in the 
shaft due to torque will cause relative motion. These two coils 
form one leg of a Wheatstene bridge, a high-frequency current 
(750 cycles) being supplied through slip rings on the flywheel 
shaft; thus, any movement of the armature due to torque un- 
balances the bridge. The bridge current is rectified and put 
through a low-pass filter and oscillograph. Calibration is effected 
by blocking the rotor and attaching an arm to the flywheel. 
Weights hung on this arm produce a definite torque on the shaft; 
thus, the oscillograph-beam deflection for any given torque may 
be obtained. The relation between torque and oscillograph de- 
flection was found to be practically linear. 


Tests on Systems With Larce Loap INERTIA—LINEAR 
CovupPLincs 


In all these tests the 3-phase induction motor used had the 
following characteristics: 7'!/2 hp, 60 cycles, 440 v, 1800 rpm, 
5:1 gear ratio. Starting torques at 60 cycles, 440 v, 660 in-lb; 
at 20 cycles 147 v, 500 in-lb; corresponding values of plugging 
torque 960 and 720 in-lb. Locked power factor cos ¢ at 20 cycles, 
147 v = 0.87, at 60 cycles, 440 v = 0.52. 

Tests were made with the apparatus shown in Fig. 6 using four 
different couplings having approximately linear characteristics. 
Three of these couplings A, B, and C, had rubber elements and 
torsional-spring constants varying from 80,000 to 120,000 in-lb 
per radian, while the fourth (coupling D) was of a special design 
using helical springs for the flexible elements (see Fig. 7 for 
torque-twist diagram). The natural frequency of the rotor- 
coupling system was around 14 to 18 cycles for the rubber- 
element couplings and 24 cycles for coupling D. 

Typical oscillograms of transient torque versus time for 
20-, 40- and 60-cycle supply frequency when using these cou- 
plings are shown in Fig.8. It may be seen that at 20 cycles there 
is a tendency for a resonant condition to exist. This is because 
of the fact that the natural frequency of the system is not far 
from 20 cycles. At 40 and 60 cycles, the curve consists mainly of 
an impact torque which then dies out exponentially after a time. 
The ripples due to the 60-cycle torque pulsations may be seen in 
the curve at 60 cycles. 

In general it was found that probably because of unavoidable 
irregularities in the voltage application inherent in the contactor 
used, there was considerable variation in the test results for 
different trials. Consequently, the highest test value obtained 
from several trials was used as a basis. 


CoMPARISON OF TEST AND THEORY—LINEAR COUPLINGS 


A summary of the highest values of the ratio 7,,,/7', as found 
from several trials when using couplings A, B, C, and D at the 
various voltages and frequencies is given in the last column of 
Table 1. For comparison the calculated values of 7',,/7, using 
the electrical data given previously are shown for cases (a) and 


TABLE 1 COMPARISON OF CALCULATED AND TEST VALUES 
OF TRANSIENT STARTING TORQUE; LINEAR COUPLINGS 


Ratio Tm = 
Peak shaft torque 
natural supply ~ 
frequency frequency Nominal starting torque 


Approxi- Nominal 
mate ecurrent- 


/ of system, and Highest 
Coupling cycles voltage, —-Calculated— test 
designation per sec cycles—v Case (b) Case (a) value® 
A 14 60—440 2.6 2.2 2.6 
14 40—293 2.6 2.4 3.7 
B 17 60—440 2.3 2.5 
17 40-293 2.9 2.7 2.7 
Cc 18 60—440 2.7 2.4 2.3 
18 40—293 3.1 2.7 
24 60—440 3.4 2.9 3.7 
Special coupling D 24 40—293 4.3 3.6 4:3 


* Highest value of several trials used as basis. 
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(b) in the fifth and fourth columns of Table 1, respectively. In 
finding these values, the charts of Figs. 4 and 5 were used, since 
the natural frequencies corresponding to the various couplings 
were known from test; thus w,/w was known and, since cos ¢ 
also was known at each frequency and voltage, the corresponding 
value of 7',,/7,, could be read from the chart. These values were 


r 
le +d, 
account the finite moment of inertia of the flywheel which had 
about 10 times the equivalent inertia of the motor. The cor- 
rected values are given in Table 1. 

An examination of Table 1 indicates that, in general, the 
values of 7/7, calculated on the assumption of nonsimultane- 
ous closure of the contacts, case (b), will give results in reason- 
able agreement with test results. The assumption of simultane- 
ous voltage application, case (a), usually yields values which are 
somewhat low. In general, the tests indicate that the results of 
the theory as given by Fig. 5 will yield sufficiently accurate re- 
sults for practical purposes where the natural frequency is not too 
high. 

The advantage of a low natural frequency in reducing the 
peak torque is apparent from Table 1, the maximum torque 
found for coupling D (system natural frequency 24 cycles) being 
around 1.6 times that for coupling A (natural frequency 14 cycles) 
at 60 cycles supply frequency. 


then corrected by multiplying by = 0.91 to take into 


Larce Loap INERTIA—-NONLINEAR COUPLINGS 


To gain an idea of the effect of nonlinearity in the coupling 
torque-angle characteristic on the transient starting torques, 
tests were made using two couplings, EZ and F, having pro- 
nounced nonlinearities. |Torque-angle diagrams for these 
couplings are shown in Fig. 7. The main source of nonlinearity 
in coupling F (a gear-tooth type) was the backlash between the 
teeth. In the case of coupling EZ, the nonlinearity was due to 
the seating of the ribbon elements on the sides of the grooves. 

Typical oscillograms of transient starting torque for coupling 
E are shown in Fig. 9 for the various frequencies. At 60 cycles, 
it may be seen that there is one large impact effect, after which 
the torque dies off rapidly. At 20 cycles there is a resonant 
effect, so that the peak torque occurred on the second cycle. 

Results of the highest values of the ratio 7,,,/7, between peak 
torque and nominal starting torque obtained in several trials are 
given in Table 2 (fourth column). 


TABLE 2 COMPARISON OF TEST AND CALCULATED VALUES 
OF NONLINEAR COUPLINGS 


>, 
Frequency and Ratio = __Pesk shaft torque 
Coupling _ voltage, T. Nominal] starting torque 
designation cycles—v Calculated Test? 

60—440 4.6 5.1 
E 40—293 : 5.9 5.7 
20—147 iene 6.2 
60—440 5.8 6.2 
F } 40—293 6.6 6.0 
20—147 7.8 


® Highest value of several trials used as basis. 
6 Calculations not made since operation was too near natural frequency of 
system. 


In the third column of Table 2, calculated values using the 
numerical method of integration described previously are given. 
These were carried out using the torque-angle curves of Fig. 7, 


as a basis and using time increments At = 7 where f is the supply 
frequency. The value of F(t) for nonsimultaneous voltage appli- 
cation was used, while a correction was made to take into ac- 
count the finite inertia of the flywheel. 

Comparison of the test and calculated values of Table 2 indi- 
cates that the method is satisfactory for most practical pur- 
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poses. Both tests and theory indicate that very high peak 
torques may be set up under starting conditions if nonlinear 
couplings are used and, also, that such torques may be augmented 
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Fic. 8 Typicat TRANSIENT-STARTING-TORQUE CURVES AT VARIOUS 
FREQUENCIES FOR RUBBER-ELEMENT COUPLINGS 
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Fig. 9 TRANSIENT-STARTING-TORQUE CURVES AT VARIOUS FRE- 
QUENCIES; NONLINEAR CouPLING E 
(Toraue positive downward.) 


by resonance effects if the natural frequency of the rotor-coupling 
system is near the current-supply frequency. 


Test on System With Licut Loap INERTIA 


The tests previously described were all carried out using a high- 
resistance induction motor, coupled to a heavy load, the inertia 
of which was about 10 times the motor inertia. To check on the 
method of calculation for systems with load and motor inertias 


TABLE 3 TESTS ON SYSTEM WITH LIGHT LOAD INERTIA 


Approximate 
natural 


. Tm Maximum torque 
frequency Ratio = 
Coupling of system,@ Ts Nominal starting torque 
designation cycles Test® Calculated 
G 14 0.73 0.69 
H 28 1.03 0.93 


? Supply frequency 60 cycles. 
> Maximum of several trials. 


of the same order of magnitude, some tests were conducted on a 
l-hp induction gearmotor with the following characteristics: 
220-v, 60-cycle, 3-phase, 1200-rpm, 18.77 gear ratio, starting 
torque 120 in-lb, plugging torque 200 in-lb, cos ¢ = 0.85, WR? of 
motor rotor 65 Ib-inch?. A light flywheel with an inertia some- 


what less than one half the equivalent inertia of the motor was 
used, the ratio = 
I, +1, 
two different rubber-element couplings and the calculated re- 
sults using the method described in part 1 fer systems with 
finite load inertia are shown in Table 3. 
The low values of 7,,/7, observed in this case are due pri- 
marily to the light load inertia. It is seen that fair agreement 
between calculated and test values of 7,,/T, is again obtained. 


being 0.3. The results of the tests using 


TRANSIENT PLUGGING-TORQUE TESTS 


In certain continuous-strip-mill applications, it is common 
practice to stop the rolls by ‘‘plugging” the motors, i.e., by inter- 
changing two leads, thus reversing the direction of rotation of the 
field. This type of operation produces transient oscillations 
which may result in peak torques several times the nominal 
plugging value. Some tests have been made to determine plug- 
ging torques using the apparatus shown in Fig. 6 and a special 
rubber-element coupling, the system natural frequency being 
about 17 cycles in this case. The test results in this case showed 
considerably more scatter than in the case of the starting-torque 
tests, the maximum values obtained in several trials varying from 
3 times the nominal plugging torque at 60 cycles to 4.2 times this 
value at 20 cycles. 

The calculation of plugging torques is considerably more 
difficult than that of starting torques and work is now in progress 
looking toward an analytical solution of this problem. The tests 
made so far indicate that the ratios T,,/T, between peak torque 
T,, and nominal plugging torque 7’, are somewhat higher than 
the corresponding values of 7,,,/T, for the same frequency and 
voltage under starting conditions. Since, in many cases, for high- 
resistance rotors the nominal plugging torque T, is considerably 
higher than 7’, it follows that frequently the highest torques are 
set up during plugging. 


CONCLUSIONS 


Both test and theory show that transient peak torques several 
times the nominal starting torque may easily be developed in 
induction-motor drives during starting. The experiments carried 
out also indicate that the theory developed is sufficiently accurate 
for practical use. Increases in transient torque may occur as a 
consequence of coupling nonlinearity while, if the natural fre- 
quency of the system is near the current-supply frequency, high 
torques due to resonance effects may be expected. 

Reductions in the peak torques developed may be effected in 
certain cases by increasing the coupling flexibility, thus lowering 
the natural frequency of the system. Reduced-voltage starting is 
another method of reducing the torques developed. 

A consideration of these transient torques is particularly im- 
portant where motors are started and stopped frequently or con- 
tinuously since, under such operation, a fatigue condition may 
eventually result. In these cases the mechanical design should 
be such that the stresses developed as a result of such torques 
are kept below the endurance limit of the material. 
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An Eddy-Current Method of Flaw Detection 


in Nonmagnetic Metals 


By ROSS GUNN,! ANACOSTIA, D. C. 


An equipment suitable for the location of surface or 
submerged flaws in nonmagnetic metals is described. A 
predetermined pattern of electrical eddy currents is in- 
duced in a perfect test sample by alternating magnetic 
fields. Sensitive pickup coils properly disposed in relation 
to the eddy currents measure only the departures of the 
eddy-current pattern from the pattern in the perfect 
sample. The departures are indicated on a meter or may 
be recorded. Performance data are given for a universal 
type of search unit especially adapted for general surveys. 


URING the last decade several admirable methods have 

been developed for the nondestructive testing of metallic 
objects. These methods are principally of use in testing 
magnetic materials or in castings where the extent of the flaw 
is comparable to the dimensions of the article under test. The 
limitations of the various methods have been reviewed by 
others? and we will therefore not discuss them at length here. 
The production of nonferrous-metal sheets, castings, and fabri- 
cated units has increased rapidly in recent years, and it has 
become important to devise a method especially suitable for this 
type of inspection. Moreover, some of the stainless steels are 
being widely used and because they are essentially nonmagnetic, 
they too, require methods of test similar to those used in the 
testing of copper or aluminum. One ideal method for locating 
the position of a flaw or a hairline crack in a metal object is to 
measure the current distribution resulting from a predetermined 
system of applied potentials. The method is desirable because 
the slightest interruption of metallic continuity will disturb the 
distribution of electric current and produce thereby a first-order 
change in current density. Such a procedure employing steady 
electric currents has been successful in geophysical prospecting 
where reproducible contacts and potentials are possible. How- 
ever, because of the difficulties in securing such contacts with 
movable search equipment, the current-distribution method 
employing steady currents or potentials has been largely discarded 
asa testing device. The difficulties just outlined may be avoided 
and the principal advantages of the electric-current-distribution 
method may be preserved if a constantly changing current is in- 
duced in the test sample by suitable alternating magnetic fields. 
It has long been known that a changing magnetic field adjacent 
to a metallic conductor induces in that conductor a system of 
currents which depends upon the geometry, the electrical con- 
ductivity of the metal, the frequency, and magnetic intensity of 
the exciting source. Several attempts have been made to apply 
this principle to systems of testing but no reasonably successful 
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method has heretofore emerged. In general, the current induced 
in a nonmagnetic metallic object penetrates into the object under 
test by an amount which is dependent upon the frequency se- 
lected for operation. Thus in the design of equipment one 
selects the frequency of operation on the basis of the type of flaw 
to be located. The present investigation has proceeded along 
two general directions: First, the development of equipment to 
operate at low commercial frequencies and designed to locate 
flaws which may or may not underlie a substantial thickness of 
solid homogeneous metal; second, the development of equipment 
to operate at a frequency of some thousands of cycles per second 
for the detection of surface flaws of very slight extent. The 
detecting equipment for both methods is the same in principle 
but the techniques adopted in carrying out the measurement of 
the magnitude of the flaws are considerably different. In this 
paper we undertake to outline the basic principles employed in 
a successful approach to this problem and will confine the de- 
scription of special equipment and results of tests to that part 
of the investigation which seeks to locate flaws at considerable 
depth even though the flaw may be overlaid by an appreciable 
layer of homogeneous metal. 

The principle of flaw detection to be described rests on the fact 
that a given geometrical arrangement of an alternating magnetic 
field adjacent to a metallic body induces a systematic pattern 
of electric currents within the metal which can be easily re- 
produced and analyzed by appropriate magnetic pickups. The 
simplest form of the principle employed may be best understood 
by reference to Fig. 1. Imagine an alternating-current electro- 
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Pickup UNIT AND SysteMs OF Eppy Currents It InpucEs 
IN HoMOGENEOUS PLATE 


Fig. 1 


magnet consisting of a magnetic path (17) (18) (26), and excited 
by a coil supplied with alternating current through the leads 


(22) and (23). If this electromagnet is placed pole down upon 
a homogeneous sheet of electrically conducting metal, then the 
sheet of metal will act like a short-circuited turn of a transformer, 
and systems of circular electrical eddy currents will be induced 
as inaof Fig. 1. If the magnet has axial symmetry and the plate 
is homogeneous, then the current circuits will be essentially 
circular as shown in a of Fig. 1. Now suppose that a hairline 
crack develops in the homogeneous metal plate under the axis 
of the exciting electromagnet. The current cannot traverse this 
flaw and the circular current systems are broken up to be re- 
placed by current systems similar to c in Fig. 1. A further 
examination of the current circuits without and with a flaw will 
show that a small pickup electromagnet arranged with respect 
to the exciting field as indicated by (19) (20) (21) will not 
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be exposed to a tangential magnetomotive force parallel to the 
surface of the metallic plate in the homogeneous case but will be 
exposed to such when a flaw is present. Inc of Fig. 1 the current 
sheet at the left adjacent to the flaw is upward while the sheet on 
the other side of the flaw is downward. Thus if the pickup 
magnet (19) (20) (21) is moved across the current sheets 
and the flaw, it will encounter magnetomotive forces having a 
space distribution of the type plotted in Fig. 1d. Now since the 
pickup magnet is wound with many turns of fine wire and pro- 
duces an electromotive force proportional to the magnetic flux 
traversing the core, the magnetomotive-force curve, Fig. 1d, is 
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Fic. 2.) Crrcuir D1AGRAM OF APPARATUS SHOWN IN 3 


similar in form to that of the electromotive force induced in the 
coil windings. Hence the axis of the exploring unit is imme- 
diately over the flaw when the induced pickup potential rapidly 
changes its sign and is zero. 

The structure just described is one of a great many possible 
arrangements for inducing in a metallic object to be tested a pre- 
determined pattern of electrical eddy currents and for detecting 
and indicating any systematic departure from this predetermined 
pattern by means of sensitive pickup elements adjacent to the 
induced current systems. Thus, even though the metallic object 
to be tested is irregular in shape, it is at least theoretically possible 
to set up alternating electric fields which will produce systems 
of currents that will necessarily traverse all parts of the test 
sample in such a way that flaws occurring at almost any selected 
point will interrupt the basic pattern of currents and thereby 
affect one or more electromagnetic-pickup coils. For example, 
the apparatus indicated in Fig. 1 is not sensitive to a flaw which 
will intersect the axes of both poles (19) and (20) but is quite 
sensitive to flaws at right angles to this line. Thus, in a scanning 
operation it is conceivable that the pickup-coil poles (19) and 
(20) would systematically move parallel to the flaw (40) (41) as 
the object under test isexamined. The possibility of overlooking 
a crack under such circumstances is obviated kt ; a double scanning 
of the region or by the introduction of another pair of pickup 
coils whose plane is at right angles to the poles shown. 

It will be evident from an examination of the currents induced 
in the metallic sample and the resulting magnetomotive forces 
of Fig. le and d that it is most essential that the electrical indi- 
cator, cooperating with the search magnet, shall be phase-sensi- 
tive, i.e., it is essential that the indicating electrical meter reverse 
direction when the phase of the alternating current from the 
pickup coil reverses, for it is only by such means that the exact 
position of the flaw is easily determined. A non-phase-sensitive 
pickup would, upon movement across the flaw, show a minimum 
potential between two maxima, and this might easily be mis- 
interpreted. In the present apparatus the pickup coil is made 
phase-sensitive by the adoption of some type of synchronous 
mechanical rectifier which is arranged to rectify the alternating 
current picked up by the detector coil (24) (25). In Fig. 2 is 
shown a diagram of connections of the equipment as used for the 


detection of moderate-sized flaws underlying solid homogeneous 
metal. The power supply is 110 volts of any frequency from 
20 to 500 cycles. This source of power feeds an autotransformer 
designed to operate over the selected frequency range and pro- 
vides an exciting current to the coil (5) which in normal cases 
approximates 1/, to 1/2 ampere. The autotransformer (1) is 
adjustable by a tap (2) so that any selected exciting current may 
be applied to the exciting electromagnet and its value read on the 
alternating-current milliammeter (3). In series with the exciting 
coil (5) is placed a very small auxiliary coil (4) which may be 
inductively coupled to another small coil (4’) for the purpose of 
neutralizing any stray electromotive force which might be intro- 
duced into the pickup coil by misalignment of the parts. The 
coil (4’) is connected in the pickup circuit consisting of a pickup 
magnet (6), the associated coil (7), and to the fina indicating 
direct-current microammeter (15) connected with an appropriate 
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shunt (16). As explained, the alternating-current electro- 
motive force induced in the pickup coil by changing currents in 
the test sample is rectified by a high-speed polarized relay (9) 
which opens and closes the contact (10) in strict synchronism 
with the applied alternating current. The resistor (8) is a few 
thousand ohms and is designed to reduce the 110-v supply cur- 
rent to a value suitable for the operation of relay (9). A syn- 
chronous motor operating an ordinary commutator may similarly 
be employed. 

The apparatus just described is designed to detect flaws in 
those metals which have relatively high conductivity; such as 
copper, aluminum, duralumin, ete. If extreme sensitivity is 
required for the detection of flaws under a considerable thickness 
of solid metal or if the apparatus is to be used for the detection of 
flaws in materials having high resistivity such as lead, stainless 
steel like 18-8, or other similar materials, then it becomes de- 
sirable to introduce vacuum-tube amplification between the 
pickup coil and the output rectifying circuits. This is readily 
accomplished but one must be sure that the amplifier output has 
no alternating-current components in it which are at all com- 
parable to the frequency exciting the pickup magnet. 

A photograph of the equipment described employing an 
exploring unit similar to that of Fig. 1 is shown in Fig. 3. The 
exploring unit is scanned over the test object back and forth 
covering a strip about */, in. wide during each trip. If the object 
to be tested is very irregular in shape, it will be found necessary 
to provide a jig to maintain the axis of the pickup unit reproduc- 
ibly at nearly right angles to the surface of the metal or to employ 
a very small exploring unit whose face diameter is small compared 
to the radius of curvature of the surface of the sample. Re- 
duction in the size of the exploring unit cannot be carried too far 
because the pickup-coil pole pieces must have a separation some- 
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what comparable to the depth of the deepest flaw which one 
expects to locate. The equipment of Fig. 3 is a compromise. 
With this equipment, scanning by hand will usually locate a flaw 
and one may hope to locate a crack °/, in. long and '/3: in. deep 
in a duralumin airplane propeller through about °/s in. of solid 
material; that is to say, such a crack should be located even from 
the back side of the propeller without difficulty. 

The theoretical aspects of the penetration of magnetic fields 
and electric currents into a simple conducting body is not very 
clear-cut at the present time. An examination of the problem 
has been carried forward by W. Lyons* who has worked out a 
satisfactory calculation for the shielding due to spheres and 
cylinders at frequencies exceeding 1000 cycles. Because of the 
difficult geometry involved in the present equipment and the 
much lower frequency employed, the change of current density 
and phase do not check well with Lyons’ results. For this 
reason we prefer to outline only the experimental facts as deduced 
from measurement. It should be mentioned in passing that the 
pickup device which we have employed has shown some satura- 
tion at the exciting currents used and therefore the observational 
data may be subject to correction before it is compared with a 
theory. 


3 “Experiments on Magnetic Shielding at Frequencies Between 
One and Thirty Kilocycles,”” by Walter Lyons, Proceedings of the 
Institute of Radio Engineers, vol. 21, no. 4, April, 1933, p. 574. 
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The performance data of the equipment described are contained 
in the accompanying series of curves. For example, in Fig. 4 
we consider the electric currents produced by an artificial flaw 
which consisted of two plates several inches long that are butted 
together. We will refer to such a flaw as a “total flaw.” Flaws 
of this type are found to give a maximum indication which is 
directly proportional to the depth of the flaw as long as this 
depth is not great. A plot of the response as a function of crack 
depth for duralumin is given in Fig. 4. Similarly in Fig. 5 is 
shown a curve giving the maximum response due to a flaw of 
constant depth and variable length. Again the response is pro- 
portional to the dimension of the flaw if it is small, but of course 
the response does not increase after the length of crack is as big 
as the face of the exploring unit. The apparatus is obviously 
insensitive to a flaw which lies in a plane parallel to the surface. 
Thus it is evident that for small flaws the response of the indicat- 
ing device is proportional not to the volume of the flaw but 
rather to the component of the area of the flaw which is per- 
pendicular to the explored surface. This, indeed, is just what one 
would expect from a study of the principles of the instrument’s 
operation because the indicating device measures the current 
interrupted by the flaw, and with the constant current density 
which exists near the surface, this current will be proportional 
to the flaw area. 

The propagation of the inducing magnetic field into the metal 
is a complicated function of the geometry, the electrical con- 
ductivity, the magnetic permeability, and the frequency of the 
exciting current. Carefully controlled measurements show that 
the amplitude of the magnetic field decreases more or less logarith- 
mically as it penetrates the metal. Moreover, the phase of this 
magnetic field and hence the phase of the current which it induces 
changes approximately linearly with increasing depth. This 
phase change is not negligible and the currents at quite moderate 
depths induce voltages in the pickup unit which actuaily decrease 
the voltages induced by currents near the surface. It is prin- 
cipally for these and geometrical reasons that the response to an 
increasing depth of flaw is rapidly reduced as shown by Fig. 4. 

Without going into a detailed theoretical analysis it should be 
apparent that the systematic changes in phase of the induced 
currents as one progresses deeper and deeper into the metal can 
be used to estimate the depth at which a given flaw exists. This 
has been done but requires phase-changing equipment to modify 
in a predetermined manner the phase of the rectifying relay or 
other synchronous rectifying device.‘ 

The accuracy with which the position of a flaw may be located 
depends principally upon the geometrical form and dimensions 
of the exploring unit and to a lesser degree upon the exciting 
current and the sensitivity (including a possible amplifier) of the 
pickup equipment. Reference to Fig. 6 shows that the distance 
from the positive to the negative maximum indication closely 
approximates the spacing of the poles of the pickup electro- 
magnet. Thus the position of a flaw may be determined with 
almost any desirable precision. 

It may be seen from the curves of Fig. 6 that the materials 
studied give indications which are greatest for copper, less for 
aluminum, still less for duralumin, and quite small for lead and the 
18-8 stainless steel. Hence the indications are in the same rela- 
tive order as are the electrical conductivities of the metals. It 
is illuminating to compare Fig. 6 with somewhat similar curves 
of Figs. 7 and 8 which were obtained with the same type of total 
flaw as employed in Fig. 6 but in these figures an overlying sheet 
of solid metal equal in thickness to the flaw was placed over it. 
It may be seen from this curve that the position of the flaw is as 
readily determined as when there was no solid metal above it, 
but that the intensity of the induced field is reduced by a con- 
See U. 8. Patent No. 2,162,710. 


q 
ts 
= 
A 
: 
: 
ref 


GUNN—AN EDDY-CURRENT METHOD OF FLAW DETECTION IN NONMAGNETIC METALS 


GO CYCLE EXCITING CUAAENT 
AMPEAE 
608 _ 


$8 COPPER 


| ALUMINUM 


CUAAENT ~ M/CAOAMPERES 


ve 


Me ve 4 ry, 


OISTANCE FROM TOTAL FLAW-/NCHES 


Fic. 6 INnpicator RESPONSE AS FUNCTION OF PosITION OF ExPLorR- 
ING Cort FOR SuRFACE Tota. In. Deep 
GO CYCLE EXCITING CURRENT 
OISO AMPEAE 
+s 


« 


NOICATOR CUAAENT - M/ICAOAMPEAES 


| ALUMINUM | 


ll 


OVS TANCE FA OM FOTAL FLAW UVOEA SIM/LAR HOMOGENEOUS METAL 


Fic. 7 Inpicator RESPONSE AS FUNCTION OF PosITION OF EXPLOR- 
Corn For '/s-IN. FLaw UNpER '/s-IN. SHEET OF SOLID 
METAL 


GO CYCLE EXCITING CUAMAENT 
AMPEARE 


(NO/CA TOR CUAAENT M/CAOAMPERES 


f 


OVSTANCE FAOM TOTAL FLAW UNOEA SIMILAR HOMOGENEOUS METAL 


Fic. 8 Inpicator Response as Function oF Position or Exptor- 
ING Corn For '/s-In. FLraw Unper '/s-IN. SHEET OF Sonip 
METAL 


siderable factor. It is interesting to note also that the relative 
response of lead in relation to copper is greatly increased when the 
flaw is submerged under solid metal. This change in relative 
response is obviously due to the larger currents circulating in the 
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overlying metal when the conductivity of this metal is large: If 
a flaw is deeply submerged under highly conducting metal, shield- 
ing electric currents induced in the surface layers produce counter- 
magnetic fields that reduce the field deep in the metal. There- 
fore at the depth of such a flaw, relatively small currents may 
flow. The magnitude of these surface shielding currents increases 
as the conductivity and frequency increases and hence one may 
reduce their effect by employing a suitably low frequency. Thus 
for a given metal one may select a frequency which will be suf- 
ficiently penetrating to reach any presumed defect. The curves 
of Fig. 9 show how the indicator currents decrease at various 
frequencies as the thickness of the overlying solid metal increases. 
It should be clear from these curves that if one is to locate a 
flaw under '/2 in. of solid duralumin, one must employ a very 
low frequency or else use a very sensitive pickup unit. If 
a very low frequency, like 7 cycles, is employed, a satisfactorily 
large potential is generated by the pickup coil. However, it 
will require several alternations of the exciting current to set up 
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a steady-state system of eddy currents and therefore at such 
very low frequencies the speed of scanning must be reduced to 
2 or3in. persec. On the other hand, if a much higher frequency, 
say 500 cycles, is used permitting high scanning speeds, Fig. 9 
shows that the response of the pickup unit will be very small. 
This is not a serious matter because the pickup voltage may be 
amplified to almost any desired degree. The real difficulty en- 
countered in the use of a high frequency for locating very deep 
flaws comes from the fact that the response signal is reduced 
until it is as small or smaller than the response due to accidental 
causes such as misalignment or variations in the exciting current. 
In the light of these facts, it is clear that the frequency adopted 
for test will be a compromise based upon tests with actual samples 
and a specific test equipment. Our experience has shown that 
a good deal can be accomplished with commercial frequencies 
but it is not yet settled that such will be entirely adequate. 
Attention is directed to the fact that the foregoing observa- 
tional data were obtained from artificial flaws constructed from 


4 * 
] 
| 
\ 
- | 
| 
| | 
| 
tos 
+ - - - 4 4 
| | 
| | | 
— 
| 
} 
: 
q 
. 


A-26 


sheet® of metal. Thus since the resistance to the flow of current 
from the face of a sheet to the face of the adjacent one is greater 
than in solid metal, the current sheets tend to lie parallel to the 
surface. Because of this fact the indicator response for similar 
flaws in solid homogeneous material is about 70 per cent less 
than that indicated in the figures just discussed. It is con- 
venient, therefore, to have two types of electrical indicators for 
use with the described equipment; one, a zero-center microam- 
meter reading from —25 to +25 microamperes, and second, a 
zero-center short-period galvanometer giving a full scale de- 
flection for 1 and for 4/:9 microampere. The first indicator is 


used for rapid surveys to indicate the presence of gross defects 
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while the galvanometer is used for the more detailed analysis. 
If it is more convenient to employ a single microammeter because 
of its short period, a stage of vacuum-tube amplification between 
the pickup unit and the output is readily introduced. Aside 
from the slight instability of such an amplifier it may be used 
quite satisfactorily. 

The ultimate value of the method outlined can only be deter- 
mined after several years of actual use under various conditions. 
It may be said, however, that the device will actually locate 
either surface flaws or flaws covered over by reasonable thick- 
nesses of solid metal with considerable ease. Its principal 
value is in connection with the test of nonmagnetic metals. 
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An Extension of the Photoelastic Method of 


Stress Measurement to Plates in 


Transverse Bending 


By J. N. GOODIER,' ITHACA, N. Y 


The well-known photoelastic method for models in 
plane stress is extended to plates bent transversely by ce- 
menting together two similar plates with a thin layer of 
reflecting material between them. The light thus trans- 
verses twice one half of the full plate thickness, in which 
the stress is, in the simplest case, all of one sign, so that a 
net optical effect is obtained. Measurements on a strip of 
celluloid in pure bending, and with circular holes, yield re- 
sults in conformity with theory; but a Bakelite model 
with circular holes showed discrepancies indicating that 
the cement bond between the Bakelite and the reflecting 
layer (aluminum foil) was not adequate. Results of 
measurements on semicircular notches in a strip under 
pure bending are also given. The difficulties and poten- 
tialities of the method are discussed. 


ponents are those which act parallel to the plane of the plate 
and on sections normal to it. It is well known that these 
components have a linear distribution over the thickness. When 
the bending is moderate, the middle surface is the neutral sur- 
face; there is compressive stress on the concave side, and tensile 
stress on the convex side, with extreme values equal in magnitude. 

If such a bent plate is inserted in the photoelastic polariscope, 
and the beam transmitted all the way through the thickness, 
as in the usual plane-stress models, there would be no net optical 
effect, since the compressive stress in one half of the thickness 
would exactly nullify the effect of the tensile stress in the other 
half. But if the light beam were reflected at the middle surface, 
the optical effects of the stress on the direct and reflected beams 
would be additive. 

It has been found practicable to make such models by cement- 
ing together two similar plates of photoelastic material, with a 
sheet of metal foil between them. In the experiments to be de- 
scribed, aluminum foil was used with Bakelite and celluloid. 
Provided the cement bond between the photoelastic material 
and the foil is adequate to withstand the shearing stresses at the 
middle surface of the composite plate, its presence will not affect 
the stress distribution. The “sandwich” will be equivalent to a 
homogeneous plate of the photoelastic material, with the same 
over-all dimensions. The adhesives tried for the Bakelite and 
aluminum foil were celluloid dissolved in ether, alcohol and ace- 
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e the bending of thin elastic plates, the important stress com- 
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tone, Gelva-7 in the same solvents, Durez, and Duco cement. 
The last appeared most satisfactory, although evidences of fail- 
ure were found and are described. For the celluloid-aluminum- 
foil plate a satisfactory bond was obtained with the usual cellu- 
loid-acetone solution. 

Since the light beam is returned by the reflecting surface di- 
rectly back along its original path, it is necessary to divert it 
away from the direct beam for examination. This was done by 
using a half-silvered mirror. The complete optical arrangement 
is sketched in Fig. 1. 

With this apparatus a considerable area of the model is il- 
luminated, and by looking directly at the half-silvered mirror, 
the fringe pattern of the illuminated area can be seen clearly. 
Photography is, however, somewhat hindered by reflected light 
from the numerous optical surfaces other than the foil. 

In the actual measurement of the stress, the point of the 
plate to be examined was identified and observed through the tele- 
scope. The compensator was initially adjusted so as to give ex- 
tinction at this point. On the application of a small increment 
of load, the point brightens, and the same dark fringe is brought 
back by adjusting the compensator. The requisite movement 
of the compensator gives the principal stress difference*® averaged 
over the half thickness, by comparison with a calibration on a 
model where the stress can be readily computed, such as a wide 
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beam of uniform width. The calibration can of course be 
equally well obtained from a tensile-test piece in the ordinary 
way, allowance being made for the fact that the light in the bent 
plate traverses the half thickness twice, and the mean stress af- 
fecting it is one half of the maximum. The optical effect is 
then the same as in an ordinary tensile piece of thickness one half 
that of the (over-all) thickness of the bent plate, and loaded to a 
uniform stress equal to the maximum stress of the latter. 


3 The principal stresses in question are of course not the actual 
principal stresses, but those corresponding to the components gz, cy, 
Try in the plate parallel to the z, y-plane. 
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Tests oN MopELs 


To investigate the practicability of the method, measurements 
were made on two kinds of model for which the stress can be 
computed. The first was a strip of plate in pure bending. The 
second was the same strip with a central hole. 

For slight bending, the behavior of the simple strip is in ac- 
cordance with the elementary bending formulas, which actually 
constitute an exact solution of the general equations of elasticity 
for small strain. But as the bending increases, it is known that a 
change occurs toward the condition of suppressed anticlastic 
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(Curves 1 are calculated curves for infinite plate width.” Curves 2 are the 
experimental curves for holes of four different sizes as indicated.) 


curvature. In this condition the ordinary bending moment, M 
per unit length of cross section, is accompanied by another, 
vM per unit length (where » is Poisson’s ratio) on longitudinal 
sections, this being necessary to annul the anticlastic curvature, 
Young’s modulus E being replaced by E/(1 — »?). 

For the comparison of the theoretical and measured stresses, 
it is therefore necessary to know which kind of bending prevails; 
and it is of course possible to have the plate in an intermediate 
condition. 

The celluloid plate had over-all dimensions 10.5 X 4 X 0.245 
in. The maximum bending stress was limited to 1800 lb per sq in. 
The Bakelite plate measured 10 X 3.62 X 0.263 in., and its 
stress was limited to 3000 lb persqin. The photoelastic meas- 
urements in each case agreed very closely with the stress com- 
puted on the assumption of “EJ” bending; that is, by the ele- 
mentary formulas consistent with unrestrained anticlastic curva- 
ture. A comparison of the stress-optical coefficients obtained 
from the usual tensile-test piece, and from the bent plates, is 
given in Table 1. 


TABLE 1 
Celluloid 


240 to 2502 
251 


Bakelite 


96 
94.5 


Tensile test 
Transverse bending test 
(assuming unrestrained anticlastic cur- 
vature) 
Unit: 


® The range of several measurements made on somewhat newer material. 


Pounds per inch per fringe 


In the bending of the uniform strip no shear stress is developed 
at the neutral surface. Thus this test does not depend on the ad- 
hesion of the cement. But where there is stress-concentration 
such shear stress is developed, and perfect adhesion is essential. 
Theoretical results are available for concentration due to cir- 
cular and elliptical holes (1), and hyperbolic notches (2). Of 


‘ Numbers in parentheses refer to Bibliography at end of paper. 
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these the circular hole clearly offers the most suitable test case. 
The theoretical results are for a plate of infinite width. Tests 
were made on the celluloid plate just described, with central 
holes of !/2, 3/4, 1, and 1'/2 in. diameter. The stress differences 
measured across the minimum section are shown in Fig. 2, to- 
gether with the theoretical curves for the infinite width. At 
the hole the stress difference is the same as the tangential stress. 
The ratio of the surface value to the mean surface stress of the 
complete plate is given in Table 2 as the factor of stress concen- 
tration. The corresponding factor based on the minimum sec- 
tion is also given. 


TABLE 2 
Maximum-stress at hole 


Average surface stress 
In minimum section 


Maximum stress at hole 
Surface stress in full plate 
1.845 (Theoretical) 
1.92 
2.00 


.09 
.33 


Diameter of hole, 
full width of plate 


The theoretical value has been confirmed by the tests of C. 
Dumont (3) on aluminum plates. 

Measurements of the same kind were made on the Bakelite 
plate. One of the resulting curves for the stress difference at 
the minimum section is shown in Fig. 3. It will be observed 
that it gives a higher concentration than those of the celluloid 
plate, and that the shape of the curve is materially different, 
showing a minimum value. We attribute these discrepancies to 
failure of the adhesive between the Bakelite and the aluminum 
foil in the neighborhood of the stress concentration. If the ce- 
ment were to fail completely, adhesion would nevertheless be 
preserved at the ends by the clamps which transmit the load. 
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One half of the plate, say the tension side, would still have, away 
from the hole, the same stress distribution as before. The bend- 
ing stress would have a maximum at the surface o, and would be 
zero at the foil. This is equivalent to a mean stress of o/2, to- 
gether with a linear part which will have no optical effect, even 
where there is a concentration of it at the hole. But the mean 
part «/2, would be subject to the plane stress concentration of 3. 
The optical measurements would thus indicate a mean stress 
30/2, and if it were erroneously assumed that adhesion had not 
broken down, a concentration factor of 3 in bending would be 
found. It is therefore reasonable to expect that failure of the 
adhesion will lead in this case to a factor which is too high. The 
measurements on the Bakelite plate gave values up to 2.82, the 
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diameter of the hole being one fifth the width of the plate. The 
theoretical (infinite width) result for Bakelite is 1.80. No signs 
of cement failure could be detected by visual examination. 

The holes which gave indications of failure were drilled. The 
celluloid plate was bored. 


Measurements were also made on the Bakelite plate with semi- 
circular notches placed symmetrically in each edge. The results 
for notehes of radii '/,, */., and '/, in. in a plate of 3.62 in. width 
are shown in Fig. 4. No theoretical result appears to be avail- 
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able for this case, although the calculation is possible, and has 
been begun. It remains to be seen whether these photoelastic 
results are in accordance with theory, or whether it must be pre- 
sumed that adhesion failed here as well as near the hole. The 
fact that the concentration factor is about the same for the three 
different sizes of notches suggests that a true value corresponding 
to that of a notch in a semi-infinite plate has been obtained. 
The theoretical value for simple tension is 3, so that the average 
value 2.01 is well below the result which would follow from com- 
plete failure of adhesion. The notches were made by careful 
milling. 

Examination of other cases, such as fillets, and the effects of 
other types of loading, as well as the standard cases of plate 
loading, is in progress and will form the subject of a later paper. 


DiscussION OF THE METHOD 


As compared with the photoelastic method for plane stress 
models, the method has additional minor difficulties. The bend- 
ing of the plate may alter the angle of incidence of the light and 
cause the ray within the plate to deviate from the normal to the 
middle surface. It is readily seen, however, that this error must 
be small unless the bending is very great. A more serious handi- 
cap is the low intensity of the reflected light; but it is hoped to 
improve this, and also the adhesion, by having the plates silvered 
or half-silvered. The latter would permit a cement to have 
general access to the plate surface. Small uncertainties as to the 
position of the reflecting surface within the plate have very little 
effect, since they add to or subtract from the optically active 
thickness at a point where the stress is zero or nearly so. The 
error in the optical effect is the square of the error of placing the 
surface. It is worthy of note that whether the reflecting surface 
is above or below the true neutral surface, the optical effect will be 
reduced. 

Great care in measurement, and a sensitive compensator are 
necessary to obtain satisfactory results from celluloid models. 


But the facts that such results have been obtained, and that cellu- 
loid is easily cemented, indicate that the method may have useful 
application to complicated problems such as those of plates rein- 
forced by beams. The stress usually depends on Poisson’s 
ratio, v, but the effect of changes in its value is probably small. 
This is certainly true in the case of the circular hole, where the 
factor of stress concentration varies from 1.77 for » = 0.25 to 1.85 
for »y = 0.50. 

Where it is required to determine the individual principal 
stresses as well as their difference, the methods used for plane 
stress may not be applicable without modification. The equation 
of equilibrium, which in plane stress may be written 


 OF,, 
= () 
ox oy 
is in general 
oo, OT 


ox oy oz 


and integrated over the distance from the neutral layer to one 
surface, it becomes 


where ¢,, T;, are the mean values of ¢,, T,, over the half thick- 
ness h, and (7,,)o is the value of the transverse shearing compo- 
nent T,, at the neutral layer. On the other hand, the membrane 
analogy suggested by Den Hartog is still applicable, since the 
sum of the “principal” stresses derived from ¢,, ¢,, 72, Will still 
satisfy Laplace’s equation when the distributed load on the plate 
is zero. When there is a distributed load the Laplacian of the 
sum of the “principal” stresses will be proportional to its inten- 
sity, and there will be a membrane analogy with the membrane 
loaded by a similar distribution of pressure. 

Reference has been made so far only to the case of moderate 
bending, where the neutral surface is at the middle layer, and the 
stress (other than the transverse shearing components) averaged 
over the thickness yields zero. But the same photoelastic 
method will apply in the more extreme type of bending when such 
mean stress is developed. For the mean stress over the half 
thickness may then be measured for both half thicknesses. The 
two will of course differ, and their values will determine the 
stress-distribution over the thickness so long as it is linear. 
Alternatively the mean stress over one of the half thicknesses 
may be measured by the method of this paper, and the mean 
stress over the whole thickness measured by the usual plane 
stress method. It will be clear that such measurements may also 
be made where a mean stress is deliberately imposed, and bending 
ensues, as in buckling problems. 
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The complexities of the motion of a locomotive are such 
that accurate solutions of the equations of motion have 
little engineering value. In previous papers the author 
has given an energy method of calculating the critical 
speed, above which the locomotive can sustain steady os- 
cillations. This method is extended in the present paper 
to cover the effect of wheel coning and to study the pos- 
sible motions at speeds above the critical. Energy gain 
from rough track is also estimated. An alternative 
method of study is outlined in which the flange forces are 
assumed to be sinusoidal with “‘equivalent”’ stiffness fac- 
tors. A simple case is solved to show how relations be- 
tween flange forces and frequency of oscillation can be ob- 
tained which are of practical value in design. 


by F. W. Carter (1)? with the assumptions that the wheel 

flanges do not hit the rail and that the locomotive does not 
roll. The resulting equations give some insight into the way in 
which oscillations may start, but evidently require correction for 
roll and for flange impacts if they are to apply to actual cases of 
severe oscillation. The flange impacts, being nonlinear, make 
it necessary to resort to laborious numerical solutions in all 
except the very simplest cases and it becomes impractical to 
obtain solutions of engineering value by these methods. One 
of the difficulties immediately met is that a wheel flange fre- 
quently encounters the rail and “bounces” several times before 
the axle finally moves across the rail and the opposite flange hits 
the other rail. A rigidly correct solution will therefore contain a 
large number of partial solutions pieced together, with a transi- 
tion from one to another as various flanges hit or leave the rail. 

A simplification of this problem of ‘multiple flange impact” 
has been made by B. F. Langer (5) who assumes the track is 
rigid, that the flange does not oscillate in contact with the rail, 
and that the transition from free motion to flange contact and 
vice versa takes place without change of energy. These reason- 
able simplifications permit simple cases of oscillation to be cal- 
culated. 

As the locomotive grows more complicated and more degrees 
of freedom are considered, it becomes necessary to use some other 
method and the present author (2, 4) has studied the stability 
of quite complicated locomotives by assuming that all the 
oscillations are approximately sinusoidal when the speed is just 
high enough to allow these oscillations to sustain themselves. 
The method is justified by the general appearance of oscillograph 
records of motions, accelerations, and of the forces acting on 
the locomotive frames. It has also been justified to some extent 
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by successful use in practical design. The method has obvious 
limitations, which must be borne in mind, but has sufficient ad- 
vantage to make it a practical working tool. 

For convenience, the author has studied the self-sustained 
oscillations of locomotives from two separate viewpoints, that of 
energy and that of force. In order to sustain an oscillation, 
the locomotive must pick up as much energy as it dissipates and 
it must also be acted on by forees which periodically direct it 
from one rail to the other. The most important of these forces 
are flange forees. They are nonlinear and not at all accurately 
known. On the other hand the flange forces are at least ap- 
proximately conservative, they do not produce or dissipate much 
energy, and can therefore be neglected when energy alone is being 
considered. The forces which can produce vibration energy are 
the forces of creepage and friction between the wheel treads and 
the rail, which force the locomotive to move from side to side if 
its direction is suitably controlled by the flange impacts. Rough 
track and unbalanced internal forces will also cause oscillations. 

The creepage forces between rolling wheels and rails are 
reasonably well known, so that energy calculations can be made 
with some confidence even though the nature of the flange forces 
may be quite uncertain. 

The creepage force arises whenever a rolling wheel moves in a 
slightly different path from that determined by pure rolling and 
this creepage force must act on the wheel in order to produce the 
creep and local slipping of the metal in the contact surface. It 
may readily be checked that a driving wheel turns very slightly 
more than the same wheel rolling idly over the same distance. 
The difference is roughly proportional to the tractive effort for a 
given wheel. 

Similarly if a rolling wheel is subjected to a side force, it creeps 
slightly in the direction of the force. A simple demonstration of 
this has been made by E. Latshaw who rolled an accurately 
ground steel cylinder back and forth many times over a true 
steel plate. When the plate is level, the cylinder retraces the 
same path indefinitely. When the plate is tilted so that the 
cylinder is rolling back and forth over a hillside, it gradually 
works its way down the plate at a rate roughly proportional to 
the angle of tilt. By rolling the cylinder back and forth many 
times and measuring the total distance it creeps at right angles 
to its rolling path, the creepd#ge can be calculated. 

It has been shown by Carter (1) and confirmed by the author 
(2, 4) that a suitable formula for creepage force at the tread 
of a wheel is 


f = 3500 V/ wheel diam in. X axle load Ib....... [1] 
where f is the creepage coefficient, and 


velocity of creep 
velocity of roll 


creepage force =: f 


Now consider a rigid wheel base, consisting of a number of 
axles in one frame and let 0 be a convenient point on the center 
line of the wheel base. Then the position of the wheel base is 
determined by 

y = displacement of 0 to the right of the center line of the 

track 
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6 = the angle from the center line of the track to the center 9 
line of the wheel base, measured clock wise ; 
Also let 
f = creepage coefficient 
r = radius of a wheel 
| = distance of an axle ahead of the origin 0 
a = '/, the track gage between wheel contacts 3 
» = coning of the wheels 
v = the velocity of forward motion 
> = the summation over all the axles 


Then it has been shown elsewhere (4) that if the origin 0 is 
chosen so that Zfl = 0, the lateral force resisting motion is 


and the moment resisting motion is 


+ + ary? ) + ). [3] 


dy 
If these are multiplied respectively by = the lateral velocity, 


and by 77a the angular velocity, their sum represents the rate of 


dissipation of vibration energy, since flange forces do not involve 
energy dissipation and can be disregarded. We now assume that 
the motion is sinusoidal and that 

y = Y cos at 

0 = @cos (wt + a) 
where w = 2x X frequency of oscillation. 

Then, if the coning of the wheels, \, is disregarded, the average 

rate of loss of energy is 


=! [¥%w? — vOYw sin a + (I? + [4] 


and the lowest speed for which this is zero is the critical speed 
The effect of the coning of the wheels on critical speed may be 
estimated by repeating this calculation and including the terms 


in \ in the resisting moment. This introduces one new term into 
the expression for average rate of loss of energy, namely 


(5) OYw sin a- (ar) 


from which it follows that, if coning is considered 


+ a 1 
Verit = 2w x [6] 


As an example, if all wheels are 36 in. diam with standard 
contour and gage 


r = 1.5 ft 
a = 2.46 ft 
» = 1/20 
and 
X(f/r) 2.46 
1 ar = 1 + —— = 1.082 
af + 20 X 1.5 


| 2 3 


Fig. 1 oF THE EQUATION 
Y 


Hence the effect of coning is to reduce the calculated critical 
speed about 8 per cent, or less for large wheels. This is con- 
sistent with observations, previously noted, that the coning of 
wheels has little appreciable effect on the oscillations of large 
locomotives, for which the value of the critical speed is a con- 
trolling factor. 

It is sometimes helpful to calculate the rate at which oscilla- 
tion energy is gained or lost at speeds above or below the critical. 
The useful assumption to make is that there is some other source 
of energy loss or gain and that the oscillation is maintained at 
constant amplitude at some speed other than the critical. We 
can then assume the motion to be sinusoidal and will also dis- 
regard coning of wheels, for simplicity. 

Then the average rate of gain of energy through creepage 
forces is 


E = sin a — Y%w? — (I? + [7] 
v 
and if the leading wheel is a distance Z ahead of the origin and 
oscillates back and forth through the total clearance 2C 
C? = Y? + + cos a............ [8] 
The equations reduce to 


v 
— sj 2 2 
sin a 1 (l +0 (9) 


v 3) 
1+ (2) + 2b «- (2) 


The greatest value of rate of gain of energy subject to the 


front wheel traversing the whole clearance is given by a = = 
and then 


2 
E« 2S Lw \ Y L? Y 
v Le\'* 
1+ 


[10] 


-—-—f# x =(2f) 
v dt 
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The value of YY which gives a maximum value of £ is given 
by the equation 


Le\? 


the solution of which is plotted in Fig. 1. 
+ a’) 


As an example, if = 64 ft? 
sf 15,000,000 Ib 

w» = 10rps 

L = 10 ft 

C= "/ ft 


Then Vert = 2 X 10 X 4/64 = 160 fps = 109 mph. 


Le 
For extreme speed, v is infinite, — = 1 and 


2 
B= 


Le/Y 
L 


i + (Le/Y)? 
("/2 


2 1 
= 15 X 108 x 10 x vn X J = 13,000 ft-lb per sec 


= 23.7 hp 
For a speed of 150 mph, v = 220 fps 


v 


—— xX 1.176 — 1 — .64 X 1.176? 
10 X 10 


1 + 1.176? 
= 3530 ft-lb per sec 
= 6.4 hp 


This may not sound like very much power to be converted 
into oscillation energy, but if it is considered that the total 
oscillation energy of a 100-ton locomotive moving from side to 
side with a total amplitude of 2 in. at a frequency of 1.5 cycles 
per sec is only about 2100 ft-lb, it will be realized that an energy 
input of 6.4 hp will produce such an oscillation in slightly over 
half a second. 

Another valuable result, obtainable directly from the energy 
equations, is the range of motions possible above the critical 
speed. If the critical speed is exceeded and there is no damping 
except that: provided by creepage forces, then the type of motion 
will adjust itself so that the energy input remains zero. The 


expression for energy input zero, assuming that @ remains ry 


+ (Le\? Le 


gives 
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0 
This gives the two values of Y for steady motion and these, 


combined with 
C2 = ¥? + L’e? 


give the values of Y and 0. 

These provide the maximum values of lateral and angular 
motions which may be possible, depending on the track forces 
and the dynamical properties of the locomotive, and from these, 
upper limits of the forces at the rail may be estimated for any 
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Fig. 2. SOLUTION OF THE EQUATION 
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speed. Some insight into the nature of the motion is given by 
these equations. Equation [12] is plotted in Fig. 2, in which 
the ratio of angular motion to lateral motion is given as a function 
of speed. 

In the area F', when the speed is less than critical there is, of 
course, no sustained oscillation. At a higher speed there are 
two possible oscillations, one with comparatively large angular 
motions (nosing) and one with comparatively large lateral motion 
(usually resulting in considerable roll). In general one of these 
will be stable and the other unstable, the construction of the 
locomotive determining which is stable. 

Then if the condition is such as that at A, with extreme nosing, 
energy will be lost until at B the oscillation is just self-sustaining. 
If this nosing motion is stable, it will persist. If it is unstable, 
the lateral motion will increase, with gain of oscillation energy, 
through the range C to the stable condition D. If the nosing 
motion is very small, as at EF, the oscillation will die out. The 
section of the curve D indicates the amount of disturbance neces- 
sary to start an oscillation which will sustain itself. 

We may also note that Equation [13] is equivalent to 


a l 


C (y/n)? 


Le y/n 
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v 
where y is the ordinate in Fig. 2 = vo. + 
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and 


By using the larger value of y in Equation [14a] and the smaller 
value in Equation [14] we obtain the relation of nosing or rolling 
oscillations to speed. 

These equations all assume that the vectors representing 
angular and lateral motion are at right angles to each other. 
This may not be the case, but this question will not be carried 
further, since it is better studied by other methods. 

Before leaving energy methods of analysis, it is useful to 
estimate the rate at which energy may be gained or lost from 
rough track and from internal friction in the locomotive. The 
chief source of energy from rough track comes from warping of 
the track which produces a rolling motion of the engine. If the 
warping is irregular, it will sometimes increase and sometimes 
decrease the roll, but it is a little surprising to find how few fairly 
regular waves in the track surface are necessary to produce a 
full roll of the locomotive. 

If the center of gravity of a locomotive, going very slowly 
over rough track, follows a path 


Yo = do SiN wol 


due to a regular periodic warping of the track, where 


and | = distance between successive high spots on the rail, then 
at higher speed, the path of the center of gravity will be given 


by 
d? d d 
dy 


where \ and n are locomotive constants. This represents motion 
which builds up to the steady value 


Aqwo? Sin (wot -— 5) 
V/ (n? — wo®)? + 


The average rate of dissipation of energy due to damping is 
found to be 


k? 
Am (: + A (n? wo”)? + 
where 


m = mass of the rolling part of the locomotive 

k = radius of gyration for roll about the center of gravity of 
the rolling portion 

h = height of this center of gravity above the axis of roll 


Since we have assumed that the motion is steady, this expres- 
sion for loss must be equal to the gain of energy from the rough 
track. It will be evident that this can be very variable, but as 
an example, if we take the case of resonance, where w. = n and 
try reasonable values 


2.5 per sec 
10,000 slugs 
Yeh 

ft 

9 per sec 


> 
“ou 


we find the rate of gain of energy is about 30 hp. If this is not 
to accentuate a nosing motion, the speed must be low enough to 


dissipate more than this if the engine noses. This method of 
calculation is rough, but it is interesting to note a remarkable 
agreement between theory and observation, first brought to the 
author’s attention by B. F. Langer and J. P. Shamberger (3). A 
certain piece of track had high spots alternately on the two 
rails, the height averaging */s to 7/1. in. and the spacing varying 
from 10 to 21 ties. The track was assumed to be warped sinu- 
soidally with a half wave length of 15.7 ties. The formula just 
given was used to calculate the rolling motion and a simple 
correction was made for lateral clearance. This sine-wave 
motion was used to calculate the maximum lateral force. This 
was reduced by the force exerted by the guiding trucks and the 
remainder taken as the lateral force on a driving axle. 
Calculations were compared with test results on five different 
designs of locomotive, with the results shown in Fig. 3. The 
upper curves show the test results, lateral pressure against loco- 
motive speed, while the lower curves are the calculated values. 
The agreement is not numerically exact, but the general simi- 
larity of shape, together with reasonable numerical agreement 
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indicates that this calculation has successfully evaluated the 
important factors in the locomotive behavior. This comparison 
was made by B. F. Langer and the author. 

We may now give a brief study of the force equations for a 
locomotive, using the same assumption of sinusoidal motion 
which was employed in the energy methods. 

We will consider the very simple case of a symmetrical truck 
with a weight fastened to its center by a lateral spring. This 
may represent a swinging car bolster or a rolling superstructure. 
The flange forces are assumed to be 4; X the lateral wheel dis- 
placement at a distance L ahead of the center and ue X the lateral 
wheel displacement at a distance L behind the center. Both 
forces are really nonlinear, but if we assume sinusoidal motion 
we must also assume sinusoidal forces proportional to the dis- 
placements and jy, ue will have “equivalent”’ values. The truck 
is assumed to have a mass m, and the superstructure a mass M 
with a lateral spring constant wo. The radius of gyration of the 
truck for nosing motions about its center isk. We neglect coning 
of the wheels and use Equations [2] and [3] to write the equations 
of motion of the system 


d 
| + ly — — =0 


[=(2fl*) + + 
mL(y + L0) — wb (y— Le) = 0 


a2 
Man +2) + = 0 


For a steady sinusoidal motion we may replace the instantaneous 
values y, 6, z by vectors y, 0, z, rotating with angular velocity w. 
Then, after eliminating the ratios between y, 6, and z we have, 
after some algebra 


1 
(: m 1— 
R? + L? 


.. [15] 


— 


m 1— wR? 


(Re + (23) 


L(y 


_ +a’) 
=f 


and it is easy to find expressions for the ratios of y, 6, and z. 
Equations [15] and [16] are instructive. If the total clearance 
of the flanges in the track is 2C, then the maximum values of 
(y + Lé@) are very nearly C so that wiC and uC represent the 
maximum flange forces on the front and rear axles. 

It is clear from Equation [15] that the flange forces increase 
rapidly with the frequency of the oscillation and it may also be 
noticed how the flexibly coupled superstructure acts as a variable 
inertia, tending to become infinite as Mw* approaches po. 

From Equation [16], since the right-hand side of the equation 
is always positive, it will be seen that 4; — wu, must be positive 


where R? 


=2, 
and less than a Also, in general, there are two possible values 
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of 4:1 — ue and consequently two possible values of both 4; and p> 
corresponding to the two possible motions above the critical 
speed. 

Since the flange forces are always positive, 4; and ys, the equiva- 
lent rail stiffnesses are also positive. If we plot 4: and wu, against 
w for various values of the speed, v, considering only positive 
solutions, we obtain an over-all picture of the possible motions 
and flange forces. It will be noted that although the actual rail 
stiffnesses are equal for the different axles, the equivalent stiff- 
nesses cannot be equal for sustained oscillations, the equivalent 
stiffness at the front wheel being the greater. This results, of 
course, from the existence of clearance between the rails which 
are assumed to be elastic when the clearances have been taken up. 

If we take a known locomotive at a known speed, Equations 
{15] and [16] have three unknowns, 4, “2, and w. In some 
instances, after the relations between these have been studied, 
it may prove possible to assign importance to a particular case 
and to study this case as an index of the effect of various changes 
in speed or in locomotive constants. For instance the value of 
wi When po = 0 is such a case and another is the solution when 
— 

>2f 

This procedure has the advantage that the equations then have 
one definite solution, which is valuable in preliminary design. 
These equations have been derived for the case of one simple 
symmetrical truck with a flexibly coupled superstructure. 
More complicated cases do not generally involve any greater 
difficulties except for the greater labor of constructing longer 
equations and eliminating more variables. 

As an example, if we have to consider two articulated trucks, 
we may write two sets of equations similar to the foregoing and 
one additional equation to represent the articulated connection. 
We also introduce a new unknown force at the articulation, so 
that finally we have the equivalent of a relation between the 
flange forces and the frequency, just as in the simple case cited. 
Physical intuition must supply other relations in order to reduce 
the range of variation of flange forces to an amount which is of 
value. 

Various artifices may also be used to take the complexities of 
actual locomotives into account. The author (2) has already 
published an approximate method of dealing with internal 
clearances in the locomotive during a sustained oscillation. The 
behavior of guiding trucks may be represented, under the same 
conditions, by lateral forces proportional to displacement and 
having a stiffness factor equal to the crackoff resistance of the 
truck divided by half the clearance in the track. This gives the 
maximum flange forces nearly correctly for high-resistance trucks 
and the same criterion may be used in constructing an equivalent 
elastic force to represent a low-resistance truck. 


= 1/;, for which 4; and yu each have only one value. 


SUMMARY 


The complexities of the motion of a locomotive are such that 
accurate solutions of the equations of motion have little engi- 
neering value. In previous papers the author has given an 
energy method of calculating the critical speed, above which 
the locomotive can sustain steady oscillations. This method is 
extended in the present paper to cover the effect of wheel coning 
and to study the possible motions at speeds above the critical. 
Energy gain from rough track is also estimated. An alternative 
method of study is outlined in which the flange forces are as- 
sumed to be sinusoidal with “equivalent” stiffness factors. A 
simple case is solved to show how relations between flange forces 
and frequency of oscillation can be obtained which are of practical 
value in design. 
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Appendix 


The practical application of the methods given in this paper 
requires some care because the basic assumption of sinusoidal 
motion is only approximate. This will be illustrated by an 
example. Consider a large articulated electric locomotive of the 
general type shown in Fig. 5. This has four trucks, two driving 
and two guiding, resulting in very complicated equations if the 
trucks move independently. There are at least eight unknown 
flange forces. With independent trucks, however, both the 
energy theory and practical experience indicate a comparatively 
low critical speed because of the short wheel bases involved. A 
practical way to overcome this is to apply restraints to the 
trucks, holding them in line so that the entire wheel base acts 
as a single rigid one of great length. 

Because the locomotive must be able to go around curves, the 
restraint devices are designed to give way when the forces on 
them exceed predetermined values. These so called ‘cushion 
restraints” are in use on a large number of high-speed electric 
locomotives of various designs. With the assumption of a single 
rigid wheel base, the equations become comparatively simple. 
As an example, the following data are representative of a loco- 
motive of this general type 


m = mass which does not roll 
= 3650 slugs 

M = mass which rolls 
= 7660 slugs 

k = radius of gyration of the mass m about its vertical axis 
= 15 ft 

K = radius of gyration of the mass M about its vertical axis 
= 20 ft : 


Ko = radius of gyration of the mass M about a longitudinal 
axis through its center of gravity 
= 6 ft 
h = height of center of gravity of the mass VM above the 
center of roll 
= 6 ft 
n*? = moment which resists rolling displacement 
9 X 108 lb-ft per radian 
\ = moment which resists rolling velocity 
2 X 10 lb-ft per radian per second 
distance from center of locomotive to the axle at which 
an unknown flange force acts 
30 ft 
track gage, between rolling centers of wheels 
5.4 ft 
sum of creepage coefficients 
80 X 10° lb 
moment of inertia of creepage coefficients 


ll 


2a 


=(2f) 


= 32,000 x 106 lb-ft? 
Lateral clearance of flanges in track 


Total lateral clearance 

us = equivalent stiffness of guiding-truck restraints 

= 320,000 lb per ft 
b = distance from center of locomotive to guiding-truck 

center plates 

= 30 ft 

v = angle of roll 


Then the equations of sinusoidal motion are 


= 1 d(ey) 
(em + M) + 22f | | + me(y + 16) 


d 
+ me (y — + Qusey + Mh =0 


d’9 1 dé 
24 MK2) — + —— [ex(2fl? 2y 
(emk? + MK?) + [ex(2fl?) + 
+ meL(y + — — Lé) + = 0 
d?y -» dy dy 
Mh— + M(h 
T(h + Ko) + 0 


Converting these into vector equations for sinusoidal motion 
with angular velocity w and eliminating the ratios of y, 0, ¥, we 
obtain 


A+ep+iB, C+ D 
eLq, E+eL*p+ iF, 0 =0 
D, 0 G+ iH 
where 
= + we 
= — Me 
= —- (em + M)w? + 2eus 
= = 
v 
= —2(2) 
—Mhw? 


= —(emk? + MK?)w? + 2usb? 


= n?— M(h? + 
= hw 


TQ & BSS 


Inspection of this equation shows at once that the expression 
e?L*p? — eLq(C + eLgq) occurs in both real and imaginary parts 
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Fic. 6 RELATION OF p AND @ TO w? 


of the determinant and there are no other terms involving either 
P, q, or g?. Hence this expression may be eliminated and a direct 
solution for p obtained. This may then be substituted in the 
equations to obtain g, which will have two possible values. 

This has been done for the simple case in which the flange 
forces at the guiding trucks are too low to overcome the initial 
restraints of these trucks. In other words, us is disregarded and 
#; and pe are assumed to act at the guiding-truck center-plate dis- 
tance of 30 feet from the center of the locomotive. The results 
of the calculation are shown in Fig. 6, in which p and q are plotted 
against w?. 

The curve of p is very nearly independent of locomotive speed, 
but the curve of g is nearly proportional to (1/v)*. 

Possible sustained motions occur when yw and yp: are both 
positive, that is when q is not greater than p. The curves in- 
dicate that when v = 200 fps (136 mph) there is no sustained 
motion, but when v = 300 fps (205 mph) there is a range of sus- 
tained oscillatory motions for all values of w? from zero to 15.5 
which corresponds to frequencies up to 0.63 per sec. 

At this frequency the flange force for a total track clearance 
of */, in. is 4500 Ib. 

From general experience, it would be expected that the critical 
speed would be lower, the frequency and the flange pressure 
higher. The calculation of p, which is determined mainly by 
the masses involved, with a secondary dynamic magnifier due to 
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the rolling motion, is quite direct and can hardly be much affected 
by the simplifications which have been made. The value of q, 
however, is primarily determined by creepage forces and is also 
very sensitive to the exact rigidity of the locomotive and track. 
If the qg curve is lowered it will decrease the critical speed, in- 
crease the frequency, and increase the flange forces. It seems 
probable that in this case the q curve should actually be about 
*/, of the height shown. Now applying the energy method of 
obtaining critical speed, which is much less sensitive to simplify- 
ing assumptions, we have (see reference 2) 


Verit = 26.8 


and by approximate estimation of the frequency of oscillation, 
(4), the frequency is 1.23 cycles per sec 


w = 7.7 
Ver = 206 fps (140 mph) 


which is entirely reasonable. For this value of w, the p curve 
gives a flange force of 13,300 lb, which is of the order which would 
be expected. 

In the case of a simple locomotive, the g equation is likely to 
be more accurate, but in all cases the critical speed calculated 
by the energy method is likely to be much more reliable. The 
p equation can then be relied on for a reasonably close estimate 
of the flange forces. 

This case of a symmetrical double-end locomotive is probably 
one of the most difficult to handle by means of force equations. 
A single-end locomotive may be designed to run stably by 
insuring that there is a definite coupling between lateral and 
angular motion tending to damp out the angular motions. In 
such cases the force equations provide definite measures of the 
stabilizing features of the design and are of real value. Many 
single-end locomotives operate above the critical speed as cal- 
culated by energy methods because the normal flange forces 
do not produce the oscillations which would be self-sustaining. 
On rough track such a locomotive is always liable to be thrown 
into an oscillation which involves gain of energy and violent 
irregular flange impacts may result. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section 
of the JOURNAL will include a concise presentation of 
data and information drawn chiefly from papers pre- 
viously published by the Applied Mechanics Division of 
The American Society of Mechanical Engineers. 

The first series dealt with the subject ‘Strength of 
Materials” and the present series will cover the subject 
“Vibration.”” The data have been prepared by a sub- 
committee of the Applied Mechanics Division (J. Ormon- 


droyd, chairman), under the general guidance of S. Timo- 
shenko. 

The fourth article which follows is by A. L. Kimball. 
This considers Friction and Damping Problems. The 
reader should refer to the previous articles, particularly 
Part II, page A-128, of the JOURNAL OF APPLIED MECHANICS 
for September, 1939, where material on damping constants 
and friction is discussed. Note the definition of logarith- 
mic decrement in Part III, page A-36, of the March, 
1940, issue which is frequently used in the following 
Part IV. 


Vibration Problems 


Part IV—FRriction DampinG IN VIBRATIONS 


By A. L. KIMBALL,' SCHENECTADY, N. Y. 


NOMENCLATURE 


y = vibration amplitude 

yo = initial amplitude 

y. = amplitude at critical 

« = damping constant 

w = 2xf where f = frequency 

t = time 

T = period of a complete vibration 

5 = logarithmic decrement (independent of units) 

fo = natural frequency 

n = (/T = number of vibrations from time t = 0 
AW 

= damping capacity = 

AW = dissipation per cycle 

W = total vibrational energy 

a = proportionality constant 

Af = difference in frequency 

m 

n \ = exponents 

k = elastic constant 

c = velocity damping coefficient 

F = frictional force 

P= force 

= “function of” 

~ = cycles per sec 

Es = adiabatic elastic coefficient 

Ey, = isothermal elastic coefficient 

G = velocity of sound 

DD = thermal diffusion constant 

M == torque 


1—CLASSIFICATION OF VIBRATION PHENOMENA 


LL vibrations may be grouped under three headings: 
(1) Sustained or forced vibrations 
(a) Resonant vibrations 
(2) Free vibrations 


‘Consulting Mechanical Engineer, General Electric Company. 
Fellow A.S.M.E. 


In friction and damping in vibrations, however, (la) and 
(2) only are of importance because these two types of vibration 
have their amplitudes closely controlled by friction. 

A sustained vibration is one which regularly repeats itself at 
the frequency of a periodic exciting force like the unbalancing 
force of a vibrating motor and will immediately drop out as soon 
as this force is removed. 

Resonant vibrations and also free vibrations have their fre- 
quencies determined by the natural frequencies of the vibrating 
system itself, however, and not by the applied exciting stimulus. 
If it happens that the exciting stimulus is in step with the natural 
frequency of the system, a large rise in amplitude develops and 
the so-called condition of resonance exists. 

If the exciting stimulus is suddenly removed, regardless of 
what its frequency, a natural-frequency vibration occurs which 
gradually dies out. 

Note that it is only when the frequency of the vibration is in 
step with the natural frequency that friction and damping play 
an important part and it is to this condition only that the dis- 
cussion in this review applies. 


2—EnerGy Dissipation Is Cyc ican 


In all vibrations, amplitude and energy recur through regu- 
larly repeating cycles, regardless of the complexity of the system 
or of the frictional forces and the motions which are present. 

This is true not only when a vibration is produced by a regu- 
larly repeated stimulus but also when the exciting force is ré- 
moved, after which the vibration amplitude and energy gradually 
decay. 

When a system is complex, however, it can have more than 
one natural frequency of vibration and it is possible for any one of 
or all of these so-called modes of vibration to be present at once 
during decay, though normally only one or two are present. 
Thus, in free vibrations, no frequencies are possible other than 
what correspond to given modes of vibration with a result that 
all parts of the body during free vibration must vibrate in step 
with each other; that is, free vibrations are isochronous, re- 
gardless of the structure of the vibrating system. 
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3—LoGaRITHMIC DECREMENT 


This is the unit in which all vibration-damping data in this 
review will be expressed, whatever their source. 

The reason for this is, first, that for purposes of comparison, 
all data should be reduced to a common denominator, and 
second, that logarithmic decrement is a numerical ratio which 
is independent of the units in which the physical quantities of 
the vibrating system are expressed. 

The idea of logarithmic decrement is the natural outcome of 
the application of analysis to a vibrating system whose ampli- 
tude decays at a rate directly proportional at every moment to 
that amplitude. If y equals amplitude of vibration at any time 
and yo the initial amplitude, the decaying vibratory motion is 
expressed by the well-known formula 


y = 
If T is the period of the vibration, by definition 


Yo 


= log = 


6 = log 


where fo is the natural frequency and equals 1/7. This is the 
exact mathematical expression for delta (5), which here is a 
constant. 

Note that if n = ¢/T = total number of vibrations from time 
t = 0, Equation [1] can be put in the form 


y = cos 2xn 


The advantage of this expression is that it gives vibration- 
amplitude decay explicitly in terms of 6. 


4—ForMULAS FoR LOGARITHMIC DECREMENT 


Table 1 shows a list of formulas from which the logarithmic 
decrement 6 can be calculated. Note that there are nine different 


TABLE 1 FORMULAS FOR LOGARITHMIC DECREMENT 6 


NO. 


REMARKS 


l GENERAL DEFINITION 20 
ENERGY EXPRESSION 20 
DECAYING AMPLITUDE 


Y = “DAMPING CAPACITY" 


a 


Q — FROM ELECTRICAL ANALOGUE 


DISPLACEMENT OF ROTOR C OF G. 
HALF AMPLITUDE OF CRIT. VIBRATION 


, RATIO OF IMAGINARY TO REAL PART OF 
ELASTIC CONSTANT k(i+jeé) 


DEFLECTION IN REVOLVING 
DEFLECTED ROD TEST 


FREQUENCY DIFFERENCE BETWEEN 2 POINTS 
WHERE y* Yc/, AT FREQ. f, 


Af 
te 


formulas given, depending on how the data were taken and the 
symbols preferred by different investigators. 

Commenting on these formulas in order, No. 1 is recognized 
as that obtained from the definition of §3 and is exact. All of 
the other formulas are approximations, although they are very 
close approximations indeed, so long as 4 is less than 0.1, which 
it almost always is in vibration work. In the study of solid 
friction, 6 is far below 0.1 so that all of the formulas are quite 
rigorous in this field. 

No. 2, known as the energy expression, is of great use in vibra- 
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tion work. It includes the dissipation per cycle AW and the 
total vibrational energy of the system W (20, p. 115).? 

No. 3 is the amplitude formula which affords a ready way 
of finding 6 from the graph of a decaying vibration, Fig. 1 and 
(20, p. 116). 

‘4 
tity was adopted by Féppl in his studies of vibration damping 
in materials and is known as ‘damping capacity” (14, p. 18). 


No. 4 is the same as No. 2 except that ¥ = This quan- 


Fig. 1 DercayinG VIBRATION 

Nos. 5 to 8, inclusive, involve the same quantity which in each 
ease has to be multiplied by x to bring it to logarithmic decre- 
ment 5. This quantity, however, is measured in several different 
ways. 

No. 5. Q is often used to specify damping in electric circuits 
and has been adopted by Zener, for mechanical damping, who 
usually measures it by means of data from a resonance curve 
substituted in formula 9 (36, p. 4). 

No. 6 involves the constant a which is measured by means of 
the ratio of the displacement of the center of gravity of a rotor 
from the shaft center due to unbalance divided by the half 
amplitude of vibration at the critical speed (37, p. 71). 

No. 7 involves the constant e which is defined as the ratio of 
the imaginary to the real part of the elastic constant used in 
computations where the damping must be taken account of 
(38, p. 120). 

No. 8 involves tan @ where @ is the angle of sideways deflection 
in a revolving rod deflected downward by a weight, which side- 
ways deflection is produced by the internal friction in the rod 
(9 and 10). 

No. 9 is obtained from the broadness of the peak of the reso- 
nance curve of the vibrating system where f, is the frequency of 
resonance and Af is the difference in frequency between the two 
points where the vibration amplitude equals half the amplitude 
at resonance. 

Commenting in general, note that formulas Nos. 2, 4, 5, 7, 
and 8 afford a way of calculating 6 which does not require any 
knowledge of the resonant or natural frequency of the system; 
whereas, the remaining formulas require observations at natural 
frequencies in order to evaluate their constants. The logarithmic 
decrement 6 can therefore be ‘looked upon as more than merely 
a physical constant which applies to a vibrating system at 
resonance but as a physical constant for all frequencies and 
amplitudes, although it happens that certain of the formulas in 
this list require a resonance condition for the evaluation of 5. 


5—DecayineG VIBRATIONS WiTH DAMPING 


Table 2 has been drawn up to illustrate the effect of 4 par- 
ticular kinds of damping on the decay of amplitude of a freely 
vibrating system. This table contains a column to the left in 
which the physical quantities are expressed in terms of exponen- 
tial functions of frequency f and amplitude y. Furthermore, 
the best way to obtain 6 in this case is to use formula No. 2 of 
Table 1. Experience shows that in vibration work the dissipa- 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 2 DECAYING VIBRATION 


—T 
VISCOSITY DAMPING | COULOMB DAMPING 
= m:t n=2 m:0O n:l m:0 nz3 
1. AW= (yt) = af Ow: afy’ BW = ay OW = ay? AW = ay? 
2 oo 
Ww 2 Ky 
-at y 
2 e at y 
mei Q 
n-2 
6 6 = 
a aT 3 aTYo 
(n-2)ayr + k at k +! 
* SPECIAL INTEGRATION REQUIRED WHEN n= 2 
TABLE 3 SUSTAINED VIBRATION 
2 
+ )+ 
y* y ot 
4) 
mP 
k6 of, 


tion per cycle of AW can be expressed approximately by the 
formula AW = af”y". Furthermore, the vibrational energy of 
the system can be expressed by the formula '/,ky?, where k is 
an elastic constant whose value depends at what part of the sys- 
tem the amplitude y is measured. For the derivation of the 
amplitude formula of line 4 in this column see (39, p. 235). 

No. 6 is obtained from No. 3 by substituting the value of the 
constant a given in No. 5. Evidently, No. 7 is derived by 
substituting No. 4 in No. 6. 

When once the general expressions of column 1 are obtained, 
the various particular expressions for the four kinds of damping 
considered are easily found by substituting the proper values 
for m and n. 

For viscosity damping AW is directly proportional to the 
frequency and to the square of the amplitude. This result can 


AW = 4Fy = oy 
F = FRICTIONAL FORCE 
W F 


77 77 


Fic. 2.) Vipration WitH CovuLoms FRicTION 


be obtained from the solution of the simple vibrating system of 
one degree of freedom with a velocity damping coefficient. The 
expression for AW in this case equals rewy? (20, p. 113; 40, p. 
60). 

For Coulomb damping as illustrated in Fig. 2 where the 
friction F arises from pressure between two surfaces, AW is 


independent of frequency but depends on the first power of the . 


amplitude so that m equals 0 and n equals 1. 

For solid friction which is the kind of damping friction found 
to be present in solid bodies, including metals and other ma- 
terials which cause vibration decay of such bodies, two cases 
are considered. In both of these cases it is assumed that m 
equals 0 which is reasonable because in most solid-friction 
phenomena, the friction is almost independent of the cycle 
frequency. 

W is known to depend always on some power of the vibration 
amplitude often between the second and the third power. The 
two cases which have been taken are, n = 2 and n = 3, as given 
in columns 4 and 5. 

The substitution of these values of the exponents in the general 
formulas yield the various formulas in columns 2 to 5 of this 
table. 

Note that the constants a and k depend on the vibrating system 
and at what point the vibration amplitude is measured in that 
system. These constants must therefore be obtained for the 
particular system in which one is interested. It should be 
pointed out that the formula for y in columns 2 and 4 cannot 
be obtained from the general expression which becomes inde- 
terminate when n = 2, but requires a special integration. (See 
Equations [1] and [3].) 


VIBRATIONS 


In the case of sustained vibrations with damping, the case 
which interests us is the resonance condition as noted in §1. 
Table 3 shows amplitude frequency expressions from which 
resonance curves can be drawn for the same four types of damp- 
ing as considered in the previous paragraph. Instead of a freely 
vibrating system, however, whose amplitude decays, a sustained 
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exciting force of amplitude P is applied to the system. The 
expression in column 2 is exact and is obtained from the 
same differential equation as noted in the previous section for 
the same column in Table 2. When the value of 6 is substituted 
in this formula, the general formula of column 1 is obtained. 
The method employed to obtain the remaining three amplitude 
frequency expressions is to substitute the three values of 6 from 
columns 3 to 5 of Table 2 in the general expression of column 1, 
Table 3. Note that two of these expressions contain the ampli- 
tude under the radical. That of column 3 can be solved easily, 
as shown (40, p. 360), but that of column 5 is more complicated, 
and is best solved by plotting a curve for the special case con- 
sidered. 

Remarking on the use of this method, it is evident to the 
mathematician that it is not perfectly rigorous but a study of the 
degree of approximation both from theory and from practice 
shows that the error is very small. The approximation arises 
from the fact that in the last three types of damping assumed, 
the individual vibration cycles are not strictly sinusoidal as they 
are for the exact case of column 2. The approximation is in the 
assumption that the vibration cycles in the three last cases are 
exactly sinusoidal which justifies the substitution of the three 
values of 6 for these cases in the general formula of column 1. 

This is a very powerful method which was first reported upon 
by L. 8. Jacobsen in a remarkably interesting paper (41; also 
39, p. 236). 

Considerable study of the case of Coulomb damping and 
combined Coulomb damping and velocity damping for sustained 
vibration at resonance has been made by Den Hartog (42). 

It is to be noted that the expression of column 3 fails when the 
damping constant is high so that there is no slipping during part 
of the cycle. (See Fig. 2.) 

The last line of this table shows the maximum amplitudes 
which can be obtained in the case of sustained vibrations which 
occur when the exciting frequency is identical to the critical 
frequency f,. 

These expressions can also be obtained directly from energy 
considerations (20, p. 140; 40, p. 60) since at resonance AW = 
aPy.. 


7—VIBRATION DECREMENT MAGNITUDES 


A word should be said here regarding vibration decrement 
magnitudes. For most systems with which we are familiar, if 
permitted to freely vibrate, they are seen to come to rest in a 
reasonably short time from which it is easily found by applying 
expression 3, Table 1, for 5 to a curve of the decaying vibration 
that 6 is usually greater than 0.01. In artificial systems which 
have special damping means, such as automobile suspensions, 
a free vibration will come to rest in a few cycles. On the other 
hand, if a system depends entirely on internal friction in the 
elastic material for damping, that system may vibrate through 
a large number of cycles before it comes to rest. In these cases, 
6 may be far less than 0.01. If this is so, a knowledge of the 
vibration decrement of the material may be of importance. 


8—So.ip FRICTION 


In recent years because of its increasing importance in vibra- 
tion, and also because of its importance in the field of pure 
physics, the subject of internal friction in solids has been quite 
extensively studied. 

For many years, internal friction in solids was regarded as 
viscous in character. There were some investigators who fol- 
lowed this idea but there were others who appreciated its true 
character, namely, that internal friction in a solid is a kind of 
hysteresis which for large amplitudes of strain is independent of 
the cycle frequency but depends appro: imately on some power 
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of the strain amplitude. For small amplitudes however, it has 
been recently proved conclusively that other important influences 
may be present, which depend on frequency (43). 
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Discussion 


Stresses and Deflections of Three- 
Dimensional Pipe Bends' 


A. E. R. pe JonGr.? The authors have added another method 
of calculating pipe lines to the already large number of such solu- 
tions existing. The basic idea of their solution is to replace the 
elastic problem by a simpler inertia problem. The approach they 
are using is by way of an analogy between translations and rota- 
tions of a solid body on the one hand, and moments and forces 
acting on the body on the other hand. 

Their basic idea of replacing the elastic problem by an inertia 
problem is not new. In fact, it forms the basis of the theory of 
the ellipse of elasticity in the case of plane problems, and of the 
ellipsoid of elasticity in the case of problems in space, to which 
the writer has drawn attention at previous A.S.M.E. meetings.*4 
The ellipse of elasticity is the ellipse of inertia of an elastic two- 
dimensional body, and the ellipsoid of elasticity is the eliipsoid of 
inertia of an elastic three-dimensional body (or, respectively, of 
plane pipe lines and pipe lines in space). Generally speaking, this 
seems to be the simplest approach. 

In order to carry out the analogy, the authors found it necessary 
to make the simplifying assumption that the flexibilities in torsion 
and bending be the same. This involves an error of about 23 per 
cent in the torsion flexibility. By assuming this flexibility to be 
the same as the flexibilities in bending, it is considered to be, by 
this amount, larger than it actually is. In most cases, the error is 
on the safe side, although this depends on the layout of the pipe 
line as a whole. In view of the fact that our present theories of 
pipe flexure, particularly of bends, show large discrepancies of 25 
per cent and more where torsion is involved, this assumption may 
not be as serious as it appears at first sight. This point has not 
been brought out by the authors. 

In discussing the analogy further, the authors state that great 
simplification occurs when the axes of reference are chosen so as to 
coincide with the axes of inertia. They draw attention to the fact 
that, in general, this problem requires the solution of an equation 
of the third degree. This has previously been stated by the 
writer in a discussion® in connection with the location of the axes 
of the ellipsoid of elasticity (ellipsoid of inertia). 

At first glance, the authors’ solution appears to be exceedingly 
simple. It has to be kept in mind, however, that they have con- 
tracted the equations for the three coordinate axes into one vec- 
tor equation by making use of vector analysis. The simplicity is, 
thus, only apparent. Besides, they have chosen very simple 
examples, in which the pipe lines are composed of straight pipes 
only, without bends. 

In the case of the third example, the layout of the pipe line is 
symmetrical with respect to the “elastic center” (center of gravity 


1 By H. Poritsky and H. D. Snively, published in the March, 1940, 
issue of the JouRNAL oF AppLiED Mecuanics, Trans. A.S.M.E., vol. 
62, 1940, p. A-17. 

2 Adjunct Professor, Polytechnic Institute of Brooklyn, Brooklyn, 
N. Y. Mem. A.S.M.E. 

3 “Graphical Methods for Least-Square Problems,” by E. O. 
Waters, discussion by A. E. R. de Jonge, Trans. A.S.M.E., vol. 51, 
1929, paper APM-51-18, p. 210. 

4 “Frictional Resistance and Flexibility of Seamless-Tube Fittings 
Used in Pipe Welding,” by 8. Crocker and Arthur McCutchan, dis- 
cussion by A. E. R. de Jonge, Trans. A.S.M.E., vol. 53, 1931, paper 
FSP-51-17, p. 234. 

5 Reference,‘ p. 235. 
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of the pipe line if the latter has a mass 6 = 1/EI/ per unit of 
length). The temperature reactions at the ends must pass 
through the elastic center but, generally, their line of action does 
not lie in the plane defined by the two end points of the pipe line 
and the elastic center. In general, the line of action of these 
forces is the conjugate diameter to the plane which passes through 
the elastic center and is perpendicular to the line joining the ends 
of the pipe line. In the particular case of the authors’ third 
example, in which the pipe line is symmetrical with respect to the 
elastic center, the conjugate diameter lies in the plane through 
the end points of the pipe line and the elastic center. Thus, the 
reaction moments lie in this plane and are of equal magnitude. 
It was, therefore, only necessary to determine the three reactions 
at the free end of the pipe line and the magnitude of this moment at 
the end points, i.e., altogether four unknowns. 

All intermediate calculations, particularly those of the moments 
of inertia and of the elastic center, have been omitted and only the 
results are stated. This makes the solution appear particularly 
simple. 

In the case where bends are included in the pipe line, the solu- 
tion becomes much more involved, and it would be interesting if 
the authors would give the solution of such a problem. 

The authors have, then, considered the case of unequal flexi- 
bilities, i.e., the case without simplifying assumptions, and have 
derived the principal equation for it. It is to be regretted that, 
for this case too, they have not given an example for a pipe line 
with bends, for such an example would have shown clearly the 
complicated nature of the entire problem. 

It might be stated that the complications in this problem arise 
solely from the difficulty of referring, in a simple manner, the line 
of action of the reactions at the ends of the pipe line to the setup 
of the latter. The problem is just as complicated geometrically 
as it is analytically and, until a simple way is found for defining 
the location of this reaction with respect to the pipe line, there is 
little hope that a simple solution for the problem of calculating 
three-dimensional pipe lines will be found. 


Arruur McCurcuan.® This new approach is welcomed by all 
those who have struggled with the problem of simplifying piping- 
flexibility calculations. The formulas developed for the three- 
dimensional pipe line with all runs of equal length are much sim- 
pler than any but precalculated chart solutions. If it is possible 
for the authors to give similar formulas for the case in which each 
run is of different length, it Would be of much more general useful- 
ness. Since the greater flexibility of the portions subjected to 
torsion is neglected, the accuracy of the results probably will be 
less than given by precalculated chart solutions based on the 
graphoanalytical method. For a precalculated chart solution of 
three-plane structures, reference may be made to a manual? which 
has been published and to charts.® 


D. B. Rossuem?® anp A. R. C. 


6 Engineer, Engineering Division, The Detroit Edison Co., Detroit, 
Mich. Mem. A.S.M.E. 

7 “Piping Design Manual,” published by Pittsburgh Piping and 
Equipment Company, Pittsburgh, Pa. 

8 *Flex-Anal Charts,’’ published by Power Piping Division, 
Blaw-Knox Company, Pittsburgh, Pa., 1940. 

® Mechanical Engineer, The M. W. Kellogg Company, Jersey 
City, N J. Mem. A.S.M.E. 

10 Assistant Mechanical Engineer, The M. W. Kellogg Company, 
Jersey City, N. J. 
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DISCUSSION 


presented an unusual approach to the solution of pipe lines in 
space, in that it makes use of a dynamic analogy, where the aver- 
age structural or piping engineer would probably prefer the 
column analogy with which he is more familiar. 

The use of vector analysis yields surprisingly simple mathe- 
matical expressions. For practical application, however, it ap- 
pears necessary to resolve the vectors into components. While 
it is not apparent from the paper, the user will find that the 
computation of the location of the center of gravity and the mo- 
ments and products of inertia, work which must be performed at 
some stage in any method, will consume a large proportion of the 
time involved in the solution of the average problem. Some ad- 
vantage is secured by the introduction of the center of gravity as 
the origin of the coordinate system which reduces the number of 
simultaneous equations from 6 to 3 for the space problem. Lo- 
cating the origin at the center of gravity has been employed by 
various authors in the solution of one-plane problems, but has not 
applied to multiplane problems in the past due to the dissimilar 
flexibilities of curved pipe in the plane of the pipe and at right 
angles thereto. 

In the last two sections the authors point out the additional 
complexity in cases of unequal flexibilities and further advise 
dropping the dynamic analogy for intermediate loading. There- 
fore the method would appear to be limited to space lines with 
two points of anchorage or restraint where the added flexibility of 
curved members can be neglected without too great a loss in 
accuracy. 


Avutuors’ CLOSURE 


The authors regret that they were unfamiliar with Mr. de 
Jonge’s discussions. Mr. de Jonge mentions the ellipse and ellip- 
soid of elasticity in discussions of papers whose titles hardly indi- 
cate subject matter relevant to the present problem; hence, it 
did not occur to the authors to examine the papers and their 
discussions. While a statement of the problem could be made 
through the medium of a proper ellipsoid, the authors believe 
that the average engineer is more familiar with rigid-body dy- 
namic concepts than with such geometric concepts as the conju- 
gate diameter of an ellipsoid. Similarly, it is of comparatively 
small practical interest to the designing engineer to know that 
the general elastic problem of a bent pipe line with three unequal 
flexibilities is equivalent to a proper geometrical construction 
connected with a six-dimensional ellipsoid. 

The assumption that the flexibility in torsion is equal to the 
common flexibility in bending, as pointed out by Mr. de Jonge, 
involves an error of 23 per cent in the torsional flexibility. Since 
the displacements in three-dimensional pine lines are due to both 
bending and torsion, it is clear that the error in the final result 
will be appreciably less than 23 per cent and if one roughly di- 
vides the displacements equally between bending and torsion, 
the error may amount to only 8 per cent. It was suggested that 
the common flexibility be taken equal to the bending flexibility, 
thus stiffening the structure and making the calculated stresses 
larger than those actually occurring. This was done for safety’s 
sake, but, of course, one may assume a common flexibility lying, 
say, one third of the way between the bending and the tor- 
sional flexibilities, and obtain an answer which is more nearly 
correct. 

The examples were chosen in the order of increasing complex- 
ity: Starting with what is perhaps the simplest imaginable case, 
a cantilever, proceeding to a two-dimensional bend, and ending 
with a three-dimensional case. It is clear from the third example 
in the paper that any problem in the thermal expansion of a pipe 
with built-in ends leads to three simultaneous equations of the 
same form as in the third example, namely, to 
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D, = —F,1,, + Fyl, — } 
D, = —F,1,,—F,l,,+ FJ. 3} 


where J,, /,,,... are the moments and products of inertia of the 
fictitious mass distribution 8 about axes parallel to the coordinate 
axes passing through the center of gravity of the mass distribu- 
tion. It is readily shown by means of the dynamical analogy that 
Equations [15] also apply to the case where one end of the pipe is 
free, that is, unable to carry a moment, provided that now J,, 
I,,, ... are moments and products of inertia relative to axes 
passing through the free end. In the general case in which both 
linear displacements D,, D,, D, and angular displacements ¢,, 
¢y; ¢, of one end relative to the other one are specified, the follow- 
ing equations are readily deduced by means of the dynamical 
analogy 


D, — = + — 116) 

where J,, J,,, . . . refer once more to axes through the center of 


gravity, and 22, y2, Zz: are the coordinates of the end point P: rela- 
tive to these axes. 

While the authors sincerely believe that the vector-analysis 
approach through the dynamical analogy, once mastered, leads 
to the various equations such as Equations [15], [16] in the sim- 
plest possible manner, they in no way intended to give the im- 
pression that all computation is completely avoided. From the 
designer’s point of view, Equations [15] are of great practical 
advantage over other available methods. Compared with avail- 
able graphical methods they reduce the time required for solving 
a complicated bend by as much as 75 per cent (say from 4 days 
to 1 day). As compared with application of Castigliano’s theo- 
rem, they are also very much simpler and avoid many annoy- 
ing integrations by replacing them by the calculation of /,, 
I,,,++..+ The authors do not wish, however, to leave the im- 
pression that the calculation of the products and moments of 
inertia, J,, J,,,. .. can be avoided by means of any analogy or 
by utilizing any vector analysis or ellipsoid schemes. Nor is 
there any royal road for avoiding the solution of the three simul- 
taneous equations. In the third example this calculation was 
omitted because it was believed that the calculation of the prod- 
ucts and moments of inertia is a straightforward procedure 
which will not hold up any designer and on which copious expla- 
nation is quite unnecessary. However, a further example showing 
the calculation in greater detail may be of interest. A literal ex- 
ample will be given since it is easier to follow. 

Consider a three-dimensional pipe bend consisting of three 
mutually perpendicular segments, as shown in Fig. 5, of lengths 
a, b, a, respectively. This is slightly more general than the 
sample shown in Fig. 4, of the paper and the calculation will be 
purposely indicated in minute detail so as to leave no point unex- 
plained. With the coordinate axes chosen as shown in Fig. 5 
and the flexibility assumed constant, it is most convenient to 
locate the center of gravity by first finding the center of gravity 
of each segment (at its mid-point) and, concentrating the total 
fictitious mass of each segment at its center of gravity, find the 
center of gravity of the three resulting point masses: 


Segment Length Coordinates of c.g. 
AB a (a/2, —b/2, 0) 
BC b (0, 0, 0) 

CD a (0, b/2, a/2) 
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This leads to the center of gravity 

= a?/2(2a + b), y =0, 2 = a?/2(2a + b)....[17] 
To find J,, J,,, ..., it is convenient to calculate first the 

moments and products of inertia of each segment about axes 

througi. its own center of gravity parallel to the coordinate 

axes; in the order (J,, /,, 1,; these quantities are 

given per unit 8 by 


Next one finds the moments and products of inertia about the co- 
ordinate axes themselves. This may be done by finding the 
contribution to these moments and products of inertia of each 


x 


z 


Fie. 5 Pipe Wits THREE 
PERPENDICULAR SEGMENTS 


individual segment AB, BC, CD. By applying the theorems 
stated in the paper regarding products and moments of inertia, 
it will be found that to obtain the products and moments of 
inertia of each one of the segments AB, BC, CD about the co- 
ordinate axes, it is necessary to add to each one of the quantities 
in the array [18] the following quantities, respectively 


AB 
BC 


CD 


It is now possible to find the moments and products of inertia 
about coordinate axes of the fictitious distribution of all three 
segments by adding all the quantities occurring in the same 
columns of both [18] and [19]. There results 


a% att 


12 


2a* 4a*+ 6ab?+b? 


12 


With the moments and products of inertia about the coordinate 
axes thus determined, it is necessary to transfer them to axes 
through the center of gravity x, y, z. Now the total mass M = 
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(2a + b), placed at the center of gravity (x, y, z) given by Equa 
tions [17], possesses the moments and products of inertia 


( a‘ a‘ a‘ a‘ ) 
4(2a + b) 2(2a + b) 4(2a + b) 4(2a + b) [21] 
Subtracting [21] from [20] there results for J,, 7,,.. . 


12(2a + 6) 


Sat + 4a% + 12a%b* + + 
12(2a + b) ; 


+ 6)" 


4’ 4(2a +b)’ 4 
.. [22] 


In case the stresses are due to temperature expansion the dis- 
placements D,, D,, D, can be taken as respectively equal to 


D, = —kTa, D, = +kTb, D, = +kTa 


+ 4a%b + 120%? + Sab? + b* 10a* + 8a%d 


where T' is the temperature rise and k the coefficient of expansion. 
Equations [15] now may be completed with the coefficients 
[21] and the displacements [23] as follows 
5a‘ + 4a%d + 12a%b? + Sab + bt 
12(2a + b) 


4 
__ 
4(2a + b) 8 
10a* + a*b kTb 


a‘ 2b 
Waa a et 


5a* + 4a%> + + 8ab* + kTa 
12(2a + b) B 

If the pipe bend in question involves circular ares the calcula- 
tion may be somewhat more complicated, but the complications 
lie only in the determination of the moments and products of 
inertia—a straightforward and perfectly clear computational 
problem. 

In the oral discussion following the presentation of the paper 
at Philadelphia and in Messrs. Rossheim and Markl’s written 
discussion, surprise was expressed as to how the six components 
which one generally assumes for the reactions at one end of the 
pipe are reduced to three components, say in the case where there 
is no rotation between the ends of the pipe, thus reducing the 
problem from six to three degrees of freedom. By way of ex- 
planation it may be pointed out that the term “degrees of free- 
dom” is essentially equivalent to ‘degrees of ignorance,” or more 
correctly it is a mathematical measure of the number of un- 
knowns. As soon as information on some variables is available, 
say by integration for a proper problem, or by the introduction of 
relations between the variables through constraints, the number 
of degrees of freedom is correspondingly reduced. In the present 
instance this reduction is based on the proof that the reactions 
existing across any section of the beam are equivalent to a single 
force placed at the center of gravity of the fictitious mass distri- 
bution. The proof of this fact is carried out by means of the 
dynamical analogy by identifying the total relative angular dis- 
placement with the moment of momentum and showing from the 
vanishing of the latter that the rigid displacement is equivalent 
to a rotation about an axis through its center of gravity. This 
conclusion enables one to reduce the six unknown variables to 
three. A similar reduction in the degree of indeterminacy can be 
effected say in case of a closed ring subject to any load by noting 
that its change of curvature vanishes on the average. 
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The Distribution of Load on the 
Threads of Screws’ 


H. C. Perkrins.?- The author’s experiments show how a nut 
deforms under practical conditions of loading, and his analysis 
leads to an estimate of the distribution of load on the threads. 
His results indicate that, for small loads, the distributions vary 
considerably from specimen to specimen, but that, for medium 
and large loads, the distributions are more consistent and show a 
well-defined trend toward uniform distribution at larger loads. 

The author’s first method of estimating the distribution of load, 
by comparing radial displacements for a nut and ordinary bolt 
(Figs. 1, 2, 3, and 4 of his paper) with corresponding displacements 
for a nut and one-thread bolt (Fig. 5 of his paper), neglects some 
of the available data so the conclusions are probably less depend- 
able than computed results using the author’s Equation [1]. 
Furthermore, the author demonstrates the validity of his analysis 
and provides an estimate of the magnitude and character of its 
errors by comparing, in Fig. 9 of his paper, actual and computed 
load distributions when the load is concentrated on a single thread 
at the top, middle, and bottom of a nut, respectively. 

Concerning this comparison, the author says: ‘In view of the 
almost discontinuous character of the loading and the assump- 
tions involved in Equation [1], the indications of Fig. 9 are sur- 
prisingly good.” It is evident however that the computed curves 
are rather irregular. Thus, bearing in mind that slopes in Fig. 9 
are proportional to load per turn of thread, a force, which is 
actually applied to the top thread, is estimated by computation 
to be applied to the top two threads at one half the actual inten- 
sity while, at the middle thread, there is also a computed upward 
pressure. 
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Since such irregularities decrease as the load becomes more 
uniform, a smoother curve results when equal loads are applied 
on the top, middle, and bottom thread simultaneously. Such a 
curve, obtained by averaging the three computed curves of the 


‘ By J. N. Goodier, published in the March, 1940, issue of the 
or Mrcuanics, Trans. A.S.M.E., vol. 62, 1940, p. 

’ Assistant Professor of Mechanics of Engineering, Cornell Uni- 
versity, Ithaca, N.Y. Mem.A.8.M.E. 


author’s Fig. 9, just as the author did with radial displacements in 
his Fig. 5, is shown in Fig. 1 of this discussion, along with a dotted 
line representing the actual force transmitted. Judging by these 
average curves, the author’s Equation [1] underestimates the 
pressure on the upper portion of the thread, and slightly overesti- 
mates the pressure near the base of the nut. 

That conditions near the base are not such as are assumed in 
the derivation of the author’s Equation [1] may be inferred from 
the radial-displacement curves. Thus, it is implied in that 
derivation that the entire base of the nut is subjected to compres- 
sive and bending stresses similar to those on other horizontal 
sections (see author’s Fig. 15). But according to the radial-dis- 
placement curves, the outer surface of the nut does not remain 
vertical at its lower edge; and, since the shear vanishes at the 
outer surface, the base of the nut must curve up to meet the outer 
surface at right angles. It is therefore probable that the outer 
portion of the base rises from the support and is not stressed. 

In discussing his results, the author says: ‘While the method 
is not sufficiently accurate to determine the actual distribution, 
especially at the lower loads, it indicates substantially uniform 
loading at 50,000 lb and a tendency to concentration at the base 
for the lower loads.” Since, at a 50,000-Ib load, the threads are 
probably yielding, a uniform distribution seems reasonable. 
Small loads are distributed irregularly, probably because of im- 
perfections in the pitch and form of the commercial threads 
tested. Admittedly, the results are approximate but, assuming 
that they justify a conclusion as to a normai mode of load dis- 
tribution, the evidence, as presented in the paper and discussed 
in the foregoing, seems to indicate uniform distribution as normal, 
even at moderate loads. 


AvuTHOR’s CLOSURE 


The curve contributed by Professor Perkins supplements the 
diagrams of the paper to advantage. As he points out, it is ob- 
tained by averaging (perhaps rather by superposing) three ex- 
perimental curves. The results of such superposition would 
represent true curves, if the system showed linear behavior. But, 
as the displacement curves for the different loads show, this is 
not the case. Doubling the load will not double the displace- 
ments. If this nonlinearity were attributable to thread yielding 
only, it would have no influence on the single-thread results, for 
the load would still have to be taken by the same thread. But, 
in the single-thread experiments, the displacement was found not 
to be proportional to load. It seems that this must be attributed 
to nonlinear actions at the base, perhaps varying friction, or to 
the incomplete base contact which Professor Perkins suggests 
in another connection. The difference between Professor Per- 
kins’ curve and the true (broken-line) curve may thus be partly 
accounted for by the nonvalidity of the superposition. Some of 
the difference is undoubtedly due to the difficulties and conse- 
quent shortcomings of the method, which are shown by Fig. 9 of 
the paper. 

Professor Perkins also raises the question of conditions at the 
base of the nut. If we assume that the base does not deform, 
then it is true that there should be a vertical element at the base. 
However, it is certain that there is a significant deformation of 
the support. Moreover, the lowest position of the extensometers 
was not exactly at the base, and the points of the radial instru- 
ment occupied indentations of appreciable size in the nut wall. 
In some of the radial-displacement curves, not included in the 
paper, a marked tendency to the vertical at the base was clearly 
apparent, especially when soft washers were used to support the 
nut. Such a support, of course, would make complete base con- 
tact more probable. 
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Book Reviews 


Higher Mathematics With Applica- 
tions to Science and Engineering 


Higher Marsematics APPLICATIONS TO SCIENCE AND ENGI- 
NEERING. By Richard-Stevens Burington and Charles Chapman 
Torrance. First edition, McGraw-Hill Book Company, Inc., New 
York, N. Y., 1939. Cloth, 6 X 9 in., xiii and 844 pp., 204 figs., 
$5. 


REVIEWED BY J. ORMONDROYD! 


GENERAL survey of physical and technical literature 

will indicate that practical problems are being solved by 
the use of many diverse branches of mathematics. The use 
of the more elementary mathematical theories has been common- 
place in engineering for many generations. These are the 
branches of mathematics which we are still finding impossible to 
teach to most of the undergraduates in our engineering schools. 
Meanwhile many actual developments are making use of much 
more advanced mathematical concepts and techniques. Many 
electrical and mechanical engineers have been using freely 
differential equations more complicated than those met in 
ordinary integral calculus. Determinants are used as everyday 
too!s on some common technical problems. In our own JoURNAL 
or AppLiep Mecuanics the matrix has been shown to be a useful 
device in the problem of automobile-body motions. Electrical 
engineers are using tensor analysis—which could also be used in 
mechanical problems. Heaviside operational methods and the 
theory of probability have been used on engineering problems. 
In fact, it is a safe thing to state that almost every branch of 
mathematics will find or has found a direct application in the 
solution and understanding of some kind of practical engineering 
problem. Because of this more and more men who have followed 
advanced graduate work in mathematics and physics are being 
absorbed in the research and development work of industry and 
the national government. 

Burington and Torrance have supplied in their “Higher 
Mathematics” a reference book on mathematics for this growing 
group of mathematically skilled engineers. It is not a book 
that the engineer, working by himself, would use to teach himself 
mathematics. The approach is too abstract and definitional to 
provide the necessary motivation for continued effort on the part 
of the lonely student. The physical applications are presented 
in a highly compact form—useful after the ideas are completely 
mastered—but absolutely meaningless before that stage has been 
reached. 

As a reference book for those who already have some mathe- 
matical facility it can be highly recommended because of its 
relative completeness, its compactness, and its fundamental 
rigorous definition. To illustrate the meaning of the phrase 
“relative completeness’ let us take a concrete case. Suppose 
that an engineer has been deviled by haphazard references to 
“tensor analysis” into a feeling that perhaps this analysis might 
be useful to him if he only knew what kind of a thing a tensor 
was. On page 725 of Burington and Torrance he finds the 
definition of a tensor. The understanding of this definition 
depends on understanding the concept of a vector which is given 
on page 678. This in turn is treated in such a way that it as- 
sumes & knowledge of three-dimensional analytical geometry on 


1 Professor of Engineering Mechanics, University of Michigan, 
Ann Arbor, Mich. Mem. A.S.M.E. 


the part of the reader. But three-dimensional analytical geome- 
try is not discussed explicitly anywhere in the book. Now, 
comparatively speaking, three-dimensional analytical geometry 
is an elementary subject; but most engineers don’t even under- 
stand plane analytical geometry. The authors would say ‘We 
didn’t write the book for such ignorant people.” This is only 
one of the many possible examples which not only illustrates the 
relative completeness of the work but also indicates that the book 
will be useful only to engineers who really like and understand 
mathematics and its uses. 

The general subjects discussed are differential and integral 
calculus, ordinary and partial-differential equations, infinite 
sequences and series, functions of a complex variable, algebra 
and vector analysis, calculus of variations and real variable 
theory. Most of these topics will be instantly recognized as 
having direct bearing on physical and technical problems. Many 
engineers at least know and use Fourier series and the same 
holds for conformal mapping which is a branch of complex 
variable theory. The other subjects discussed have more wide- 
spread applications than these two. 

An engineer in reading ‘‘Higher Mathematics” will perhaps be 
overcome with sadness by the realization that even if he knew 
all that Burington and Torrance have to offer, his essential 
difficulty is, and always will remain, to translate physical prob- 
lems into mathematical statement. For this problem he must 
turn first to the physicist for guidance and suggestion. If the 
engineer is a sensible and wise physicist, mathematics can help 
him to attain the most complete fruits of his labor. If he is a 
poor physicist, mathematics will be of no value to him. 


Engineers and Engineering in the 
Renaissance 


ENGINEERS AND ENGINEERING IN THE RENAISSANCE. By William 
Barclay Parsons. The Williams & Wilkins Company, Baltimore, 
Md., 1939. Cloth, 63/4 * 10 in., xix and 661 pp., illustrated, $s 


REVIEWED BY J. ORMONDROYD? 


N ENGINEER is one who uses natural materials and ener- 
gies to maintain human existence with the least possible 
expenditure of human effort. Almost every mature individual 
ean classify as an engineer under this definition. Today we think 
of a professional engineer as one who is engaged essentially in 
quantitative prediction. This, of course, is included in the more 
general definition since the idea of minimum effort for maximum 
effect is a quantitative conception. Although engineers have 
existed and worked more or less effectively ever since men began 
cooperative civilized existence, they did not become quantita- 
tively articulate until very recently. 

Our knowledge of the work of engineers who operated in re- 
mote periods in history is gathered mainly from the works they 
created which have withstood and survived the ravages of time. 
For some of these works we have written records to clarify the 
exact relation between the work and the man who brought 't 
into being. Records concerning engineering projects are almost 
without exception completely missing before the Renaissance. 
The mechanisms and structures used in ancient and medieval 
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times were created by men who left no written traces of their 
thoughts. None of their contemporaries thought enough of 
them or their works to leave more than vague verbal traditions 
about them. 

Of all the practicing engineers of classical antiquity, Vitruvius 
is the only one who has left a professional testimony in written 
form. His “Architecture”? does not strike us as a very clear or 
concise record of technical experience. It contains descriptive 
matter concerning the technical details of buildings and instru- 
ments of war mixed up with anecdote and fable and a great deal 
of very human professional advice on the relationship between 
engineers and their clients. But no one now could build any- 
thing on the basis of the written word in Vitruvius’ testament. 
Even the very detailed constructional details concerning engines 
of war are unintelligible to us today since Vitruvius assumed his 
reader to have a complete and coherent familiarity with the de- 
vices before reading his specifications. 

The quantitatively articulate engineer began to appear during 
the Renaissance—naturally, since his quantitative language had 
to be invented by scientists with technical interests. These did 
not. exist before the time of Leonardo da Vinci. 

General Parsons’ collection of engineering documents per- 
taining to technical projects begun or completed during the 
period between 1450 and 1600, along with his general commen- 
tary on the various items gives a very interesting insight into the 
state of engineering at that period. The documents on buildings, 
roads, bridges, canals, and harbors come without exception from 
Italy and France. In the mechanical field the devices projected 
by Leonardo da Vinci, those actually used in the mines of Ger- 
many and the water-pumping machinery used in France, cover 
the field in the publication. 

The state of structural design at this time is shown in the 
following abridged quotation from General Parsons’ comments. 
“In the field of theory of design there was but little accurate 
knowledge. Engineers relied entirely on experience and judg- 
ment when they came to fix the dimensions of structural parts. 
There were no means of testing materials to determine their 
resistance to strain. There were excellent mathematicians, the 
principles of geometry had been known for centuries, experi- 
ments could easily have been made, but until the last years of the 
period no one appears to have thought that stresses in structures 
were subject to physical laws.’’ Leonardo da Vinci was the only 
engineer of the period who made any attempt at theoretical de- 
velopment and his work was not made public property until 
after the job had been better done by, perhaps, lesser men. 
Galilei is given the credit for having opened the eyes of scientists 
and engineers to the quantitative outlook. 

“ven after the Renaissance was over and the modern scientific 
period was in its great formative century, Sir Christopher Wrenn, 
himself a collaborator in the scientific efforts preceding Newton, 
used only general “rules of thumb” and excellent judgment in de- 
signing the crucial features in his great architectural creations. 

General Parsons gives details on costs of labor and materials 
on certain projects which permit comparison with present prac- 
tice. Labor organizations of the Renaissance period are de- 
scribed fully. Tables at the end of the volume give the units of 
length, weight, and monetary values used then, translated into 
modern terms. The units of length and weight were far more 
numerous and local in those days than in these. Different cities 
often had their own standards so that engineering reports of the 
time which contain numerical data cannot be read intelligently 
unless the corresponding standards of measurement are known. 

The 212 figures are largely drawings from contemporary docu- 
ments; but some of them illustrate structures built then, still 
standing, and therefore subject to modern photographie record- 
ing. Most of the figures will be of interest to civil engineers and 


architects, but many of them are of purely mechanical interest. 
The buildings and bridges illustrated have aesthetic as well as 
practical interest. 

The treatise shows that the engineers and artist-engineers of 
those days exercised the same kind of judgment and foresight as 
is exercised today by successful engineers. The results they ac- 
complished cause us to wonder only when we realize the enormous 
difference in quantitative knowledge available to the Renaissance 
engineer and to our contemporaries. 

The book is not for consecutive reading. Each subject is com- 
plete in itself. It is a storehouse of engineering lore of past ages 
which is certain to be of interest to all who practice the art today. 

Technical men of an older generation remember Samuel Smiles’ 
“Lives of the Engineers” which dealt with figures—mainly 
British—flourishing in the eighteenth and early nineteenth cen- 
turies. Parsons takes us back to a dimmer and therefore more 
romantic past. 


Stress Distribution and Fracture 
Formation 


SPANNUNGSZUSTAND UND BRUCHAUSBILDUNG. By A. Thum and K. 
Federn. Julius Springer, Berlin, 1939. Paper 63/4 X 103/, in., 
v and 78 pp., 83 figs., 9.60 rm. 


REVIEWED BY R. E. PETERSON? 


HIS publication consists of three parts: (A) Methods of 

illustrating stress distribution; (B) stress distribution in 
notched specimens; (C) fracture phenomena in terms of number 
of cycles of applied loading. 

In part A some discussion of ‘‘streamlines”’ and ‘‘stress trajec- 
tories’ is given, showing that in general these systems are not 
equivalent. By way of illustration of stress distributions, large 
rubber models with ruled networks of lines are used; cuts are 
made in certain regions and by the amount of opening one can get 
an idea of the amount of normal stress released. Some illustra- 
tions of the use of Mohr’s circle are given. 

Part B brings out the fact that in a notched specimen the stress- 
concentration factor depends not only on the distribution on an 
axial plane but also on the cross-sectional shape. If for ex- 
ample one compares a flat notched specimen with a figure of 
revolution having the same contour (two- and three-dimensional 
cases) then for the same distribution on an axial plane the average 
stress will be higher in the latter case and consequently the stress- 
concentration factor will be lower. For certain notch propor- 
tions checked this accounted for the differences obtained analyti- 
cally between the two- and three-dimensional cases, although if 
carried to limiting notch proportions, the foregoing considerations 
will not suffice. 

If one compares tension and bending conditions for the same 
notched flat bar, the nominal stress will be higher in the bending 
ease and therefore the stress-concentration factor will be lower 
which agrees with observed facts. If the normal stress distribu- 
tion obtained for a notched flat tension specimen is altered linearly 
to correspond to bending, a check is obtained with known values 
of the stress-concentration factors for the tension and bending 
cases. 

The behavior of a flat strip having either a large transverse 
hole or large semicircular notches is illustrated by the deformation 
of rubber models. Of particular interest is the case of bending 
normal to the axis of the hole. It is known that in such a case 
a low value of stress-concentration factor is obtained. This is 
due primarily to the relative restraint of lateral deformation 
which is shown clearly by means of the rubber models. 
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In part C various types of fracture are described. Three 
classifications are considered: (1) “Gewaltbruch,” due to a 
single overload; (2) ‘‘Zeitbruch,” due to a relatively small num- 
ber of cycles of stress (less then 100,000), corresponding to the 
upper branch of the usual fatigue curve; (3) ‘““Dauerbruch,” due 
to a large number of cycles, resulting in a well-developed fatigue 
fracture. Various examples of the foregoing classifications are 
illustrated and described. New data are given on the effect of 
orientation of grinding scratches with respect to the direction of 
applied stress. 

The publication brings out in practical form material discussed 
by research engineers but not readily available to designers. 


Strength of Materials 


*‘DAUERBRUCHGEFAHR AN HOHLKEHLEN VON WELLEN UND ACHSEN 
UND IHRE VERMINDERUNG.” By A. Thum and E. Bruder. 
(Deutsch. Kraftfahrtforsch. i. Auftrag d. Reichsverkehrsmini- 
steriums. H.11.) V.D.I., Verlag, Berlin, Germany. 1938. 10s, 
1.20 rm. 


REVIEWED BY R. E. Peterson’ 


ALTHOUGH the designer often deals with the problem of the 

strength of a shaft at a region where an antifriction bearing 
is seated against a shoulder (automobiles, machine tools, gear 
motors, etc.), systematic test data have not been available prior 
to this publication. 

It is shown that for the proportions tested the combination of 
the two strength-reduction effects present (press fit and fillet) 
is not much worse than either acting alone. For a medium-car- 
bon steel, the fillet reduced the fatigue strength 39 per cent, the 
press fit 33 per cent, and the combination of both 45 per cent. 
By the use of circumferential relief grooves adjacent to the 
shoulder, a gain of fatigue strength of about 15 per cent was 
realized. A special rig was developed for cold rolling the fillet. 
A gain in fatigue strength of 55 per cent was obtained due to cold 
rolling. Optimum rolling force was found for the specimens 
tested by means of a series of tests. If rolled only at the fillet, 
shaft failure occurred under the bearing edge away from the 
fillet. 

Since the data are given as ratios they are directly applicable 
to design and should find considerable use in this country. 

A thorough explanation of the foregoing results will call for 
considerable work on the part of those interested in the strength- 
of-materials aspect of applied mechanics. 


Ferromagnetism 


FERROMAGNETISMUS. By R. Becker and W. Déring. Julius Springer, 
Berlin, 1939. Paper, 6/2 X 10 in., vii and 440 pp., 319 figs., 39 rm. 


REVIEWED BY FRANCIS BITTER‘ 


THs is the most important and complete book on ferromag- 
netism that has so far been written. Its aim is the interpre- 
tation and correlation of typical phenomena, rather than the 
mere listing of data. A large portion of the book is therefore 
devoted to theoretical and mathematical discussions which serve 
to define the models and concepts currently in use. This difficult 
task has been admirably done, and students of the subject can 
read this book with confidence that it is up to date and complete. 
Your reviewer has found only very few and minor misstatements 
for a book of its size. The style and manner of presentation, in- 
cluding many well-chosen illustrative figures, make the subject 
matter as clear and readable as one could hope to have it. 
The only adverse criticism that might be made is one which is 
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equally applicable to most books of its kind, namely, that the em- 
phasis is almost exclusively on past successes, and that failures, 
and interesting unsolved problems awaiting solution, are glossed 
over. The authors, being experts in their field, are in an ideal 
position to direct the first steps of the younger men who are be- 
ginners. The book is obviously written for these men who are to 
carry on the development of the subject. Would it not be useful 
to point out specifically where the greatest shortcomings are, and 
the reasons, as far as we know them, for present failures? 

The scope of the book is perhaps best described by the follow- 
ing extracts from the table of contents. There are six sections: 


1 Introductory general remarks on magnetism, 21 pages. 

2 Theories of spontaneous magnetization, 80 pages. 

3 Analysis of the magnetization process: Permeability, 
hysteresis, and effects involving time, 166 pages. 

4 Properties depending on magnetization: Thermal effects; 
magnetostriction, or changes in shape produced by magnetiza- 
tion; changes in electrical resistance; magnetic-powder patterns, 
69 pages. 

5 The influence of ferromagnetism on elasticity and damping 
capacity, 35 pages. 

6 Magnetic materials and their uses, 58 pages. This section 
includes both a discussion of typical magnetic materials used 
in electrical apparatus (permanent magnets, materials used in 
power transmission and communication circuits, such as iron- 
silicon and iron-nickel alloys), and a discussion of the importance 
of magnetic measurements in studying the process of precipita- 
tion from solid solution, or age hardening. 


Theory and Design of Springs 


THEORY AND DesIGN OF SprinGs. By Fred M. Cousins, Consulting 
Engineer. Edwards Brothers, Inc., Ann Arbor, Michigan, 1940. 
Cloth, 8 X 103/sin., vi and 99 pp., $2.50. 


REVIEWED BY A. M. Want! 


ALTHOUGH in recent years a great many articles have been 

published in widely scattered places on the subject of me- 
chanical-spring design, much of this material is rather inaccessible 
to the average designer to whom spring selection is merely inci- 
dental. To such engineers, as well as to those interested in the 
theory underlying spring design, this little book should be of 
considerable value since it brings together in concise form the 
results of a great many investigations of a wide variety of types of 
springs. 

The book deals primarily with the fundamental theory under- 
lying the calculation of the more commonly used springs includ- 
ing open- and close-coiled helical, torsion, spiral, leaf, disk, and 
flat springs. Particular emphasis is laid on the effects of wire or 
bar curvature in helical tension or compression springs and in 
torsion springs. In addition a considerable amount of space is 
devoted to the simpler aspects of spring vibration and to the 
problem of valve-spring surge. The calculation of helical springs 
made of various forms of wire cross section is discussed togetlier 
with the problem of lateral loading of such springs. 

Besides a brief treatment of flat-plate theory as applied to the 
design of disk springs, the final equations obtained by other in- 
vestigators for calculating more complicated cases, such as Belle- 
ville springs and radially tapered disk springs, are also included. 
A fairly comprehensive bibliography of spring-design articles is 
also listed. 

Although very few data are given on the properties of spring 
materials or on allowable working stresses in springs, the book 
should nevertheless be of considerable interest to spring designers. 
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Effects of Surface Finish 


By J. T. BURWELL, J. KAYE, D. W. van NYMEGEN, anv D. A. MORGAN! 


Various commercial surface finishes are produced on 
steel shafts and in Part 1 it is found that the finish has 
little effect on the operation of a journal bearing in the 
region of hydrodynamic lubrication but does markedly 
affect the load capacity. In Part 2 a chemical method of 
detecting iron in oil is developed with a sensitivity of one 
part in ten million. This method is used to measure the 
iron removed during ‘‘running-in”’ from shafts with dif- 
ferent surface finishes and under different loads. 


PART I 


EFFECT ON THE PERFORMANCE OF A BABBITTED JOURNAL BEARING 


HE performance of journal bearings when operating under 

light loads and high speeds can be accurately described by 

hydrodynamical theory where the only physical properties 
of the system that are of importance are its geometrical dimen- 
sions and the viscosity of the lubricant. At higher loads and 
lower speeds, however, this simple theory is insufficient and while 
a complete theory is lacking it has been found empirically that 
many other physical properties of the system affect the behavior 
of lubricated journal bearings. These properties are of two gen- 
eral kinds, those of the lubricant and those of the bearing sur- 
faces. In the first class are the heat capacity of the oil, its pres- 
sure and temperature coefficients of viscosity, its adsorptive 
ability, and its corrosion products with the metal surfaces, all of 
which are commonly lumped together in the ambiguous term 
“oiliness.”’ In the second class are such properties as the thermal 
expansions of the two metals composing the bearing surfaces, 
their thermal conductivity, their elastic and plastic properties, 
and their surface smoothness. It is the effect of this last prop- 
erty which we propose to study in the present paper. 


Metuops OF MEASUREMENT 


While the existence of an influence of surface finish on bearing 
performance has long been recognized (1), no thorough study 
has been made, largely because a quantitative measure of surface 
roughness was lacking. Recently, however, a number of methods 
have been developed for studying surface finish (2) which are of 
three general classes: 


1 Microscopic examination of either normal or tapered sec- 
tions. The sections are either optically or actually cut. 

2 Optical methods involving the measurement of light specu- 
larly and diffusely reflected from the surface. 

3 Optical or electrical amplification of the motion of a sharp 
point traced over the surface. 


The last of these methods has been employed by Abbott (3) in 
an instrument which gives as a reading on a meter a number 


1 Lubrication Laboratory, Department of Mechanical Engineering, 
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which is related to the root-mean-square deviation of the surface 
from a median plane. This instrument is called a profilometer 
and the surfaces used in the present work were measured by 
means of it. 

The performance of the journal bearings was studied by 
measuring the friction coefficient as a function of the geometry 
and the operating variables. The minimum of this function is a 
measure of the load capacity of the bearing. 


APPARATUS 


The apparatus for measuring the friction coefficient is shown im 
Fig. 1. A test shaft driven by a variable-speed motor runs be- 
tween two identical split bearings mounted in the blocks BB. 
Loading of the journal is accomplished by turning handwheel C, 
thereby increasing the tension on springscale A. This, in turn, 
presses each half bearing with the same force against the journal. 
A ten-to-one mechanical advantage is obtained through the 
leverage of arms L, and Ly. 

To prevent the weight of the entire bearing assembly from 
resting on the journal a four-bar linkage system is used which 
makes it possible to carry the weight of the assembly on knife- 
edge E and still have the rotational displacement of the torque 
arm take place about the center of the journal. 

Measurement of the friction torque was made by balancing it 
with the static torque produced by the rider R which can be 
moved along the graduated scale arm. The arm is provided with 
a level glass to indicate the zero position. 

Flooded lubrication was employed and was obtained by direct- 
ing the flow of oil from two flexible tubes at equal rates against 
both sides of the shaft in the apertures between the bearing blocks. 
The oil was collected, filtered, and recirculated by a gear pump. 

The temperature of the oil film was measured by means of a 
millivoltmeter and copper-constantan thermocouple inserted 
through the lower block into what had been originally intended 
as an oil hole in the bearing shell. The thermocouple was elec- 
trically and thermally insulated from the bearing shell and the 
bead was not more than '/¢ in. below the surface of the bearing. 
After insertion of the thermocouple the hole was plugged so that 
no oil could escape. For the usual direction of rotation the 
thermocouple was 54 deg from the leading edge of the bearing 
segment. As the point of minimum film thickness and the point 
of maximum temperature in the oil film would be expected to lie 
anywhere from 110 deg from the leading edge to beyond the 
trailing edge, according to the work of Boswall (4), it is seen 
that the thermocouple is located roughly midway between the 
points of maximum and minimum temperature and therefore its 
reading will not be too far removed from the mean temperature 
of the film. This is substantiated by the fact that when the rota- 
tion of the shaft is reversed so that the point of maximum tem- 
perature lies in the vicinity of the thermocouple, the thermo- 
couple generally reads 2 to 7 deg higher. 

The oil used was a Pennsylvania type 8.A.E. 30. Its viscosity 
at various temperatures was measured by means of a Saybolt 
viscosimeter and the results are shown in Fig. 2. 

The bearings were a tin-base babbitt with steel backing, such 
as are used for the main and connecting-rod bearings of automo- 
bile engines. The bearing shells were 1.08 in. wide and had an 
angular length of 147 deg are. They could be removed from the 
bearing blocks BB, and a new set was used for each run. Their 
surface roughness was 6 to 10 microinches. 


: 
| 
; 
} 
: ‘ 
4 
i 
i 
4 
H 
{ 
4 
j 
4 
q 
q 
4 
4 
= 
4 
i 
5 get? 
3 at 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1941 


THERMO- COUPLE 


Fig. 1 


All but one of the test shafts were made of an S.A.E. 1040 steel 
heat-treated to a hardness of 200 Brinell. The exception was 
shaft M (see Table 3) which was hardened to 450 Brinell. Sur- 
faces of varying kinds and degrees of roughness were put on the 
shafts. These are tabulated in Table 3 and are, for the most part 
self-explanatory. Roughness readings were taken axially, i.e., 
transverse to the direction of motion, by means of the Abbott pro- 
filometer and, in the case of the ground and turned surfaces, these 
were checked by readings taken parallel to the direction of mo- 
tion. The knurled surface was produced by grinding a surface 
which had originally been knurled. The result gave diamond- 
shaped areas with a surface roughness of about 5 microinches, 
separated by V-shaped grooves 0.005 in. deep and !/3 in. apart. 
This composite surface had a roughness of 550 microinches on the 
profilometer although it is questionable what significance this 
reading has. 

The two gritblasted surfaces were kindly prepared for us by O. 
R. Schurig of the General Electric Company, according to a pro- 
cedure used by him in studying the antigalling characteristics of 
surfaces (13). Shaft M owing to nonuniform hardening, showed 
areas of two distinct roughnesses, one 30 microinches and the 
other 50 microinche:, irregularly distributed over the surface. 
On the ground surfaces the scratches were circumferential. 
Roughness readings were made in both directions and the agree- 
ment, as shown in Table 3, is good. In the case of the turned 
surface the two readings did not agree. 


EXPERIMENTAL PROCEDURE 


All the shafts were tested without being run in. To simulate 
service conditions the speed N was about 1500 rpm although some 
measurements were taken at 200 rpm and at 1800 rpm to make 
sure that the friction coefficient actually depended on the expres- 
sion uN/P, where u is the viscosity of the oil and P the load per 
unit projected area of the bearing. (The more usual procedure 
for a partial bearing is to take P as the load per unit projected 
area of the shaft which would be 0.955 times the P used in this 
work.) The temperature of the oil film ran as high as 250 F for 
the smoother surfaces just before seizure and in one case it rose 
as high as 330 F. 

To determine the zero position of the rider R the shaft was run 
in both directions for a series of light loads and the mean of the 
two readings obtained was taken as the zero reading of the torque. 
This zero was then used with all the subsequent torque readings 
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to obtain the true torque. In this manner the effect of extraneous 
torques was largely eliminated. To minimize the possible effect 
of the dragging of the oil line on the torque reading the arm was 
displaced both up and down to make sure that it returned to the 
same position of rest from both directions. 

The readings were taken in order of increasing load or decreas- 
ing wN/P. Sufficient time was allowed after the load was in- 
creased for temperature equilibrium to be reached. In most 
cases readings could be carried beyond the minimum of the curve 
but sometimes seizure would occur suddenly on increasing the 
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DETERMINATION OF THE CLEARANCE RATIO 


As is well known, when comparing results on different sets of 

shafts and bearings one should not plot the friction coefficient f 
D D\? uN 

against uN/P but rather C f against (2) = where D is the 
diameter of the shaft and C is the difference in diameters of shaft 
and bearing. Because of the fact that the bearing shells were 
less than semicircles and also because of the relatively small 
value of C, it was not considered feasible to measure the diameters 


load. directly and obtain C by taking the difference. Instead the 
method suggested by Reynolds (5) and used by 
TABLE 1 TYPICAL DATA FROM A JOURNAL-BEARING TEST other investigators (6) has been employed. Mus- 
(Shaft A: Turned surface, 130 microinches. Extrapolated value of D/C = 1150) kat and Morgan (7) have shown that the friction 
Load coefficient curve for any bearing, regardless of its 
unit width and whether it is partial or complete, asymp- 
Viscosity totically approaches the Petroff line for high values 
journal, ture, of lubricant area, torque P/uN (D/C)* D\? uN 
rpm F Ib min/in.? psi Ib-in. D/¢ x 10-5 (D/C)f —-. For such a bearing the Petroff equa- 
1489 117 14.75 X 22.8 7.78 942 1.06 84.4 12.75 Cc 
1497 122 12.75 45.6 8.33 1162 2.40 44.5 5.54 ties is 
1509 125 11.70 68.5 8.57 1292 3.88 309 3.53 . 
1509 127 11.05 91.2 8.71 1391 5.46 23.6 2.41 a 
1468 128 10.80 136.8 8.59 1430 8.62 15.53 1.53 D ra[{D\" uN 
1470 130 10.40 136.8 8.16 1410 8.88 14.73 1.478 
1466 132 9.77 182.5 8.33 1550 12.75 11.28 1.037 Cc 
1470 132 9.71 207 8.92 1660 14 50 ~=—-:10.70 0.910 
1450 133 9.68 228 8.75 1658 16.25 9.45 815 
1464 134 9.30 251 8.92 1740 18.45 8.75 0.717 Where a is the length of the bearing are and b is 
1466 135 9.04 274 9.75 8.78 0.640 
1468 136 9.00 278 9.67 $57 0.629 «given by the expression 
1462 137 8.47 296 9.25 7.69 0.554 
1470 138 8.41 319 9.75 7.53 0.512 Ww 
1468 139 8.25 342 10.42 7.52 0.468 bie 
1462 141 7.82 379 10.00 6.53 0.400 PDL 
1460 142 7.68 402 10.68 6.57 0.369 
1465 148 6 68 430 12.70 7.32 0.300 


TABLE 2. TYPICAL DATA FROM A JOURNAL-BEARING TEST 


(Shaft D: Ground surface, 14 microinches. 


Extrapolated value of D/C = 520) 


Here W is the total load applied to each partial bear- 
ing, D is the diameter of the shaft, and L is the 
width of the bearing. In the present work a = 147 


Load deg arc, and b = 0.955. Hence the Petroff equation 
r 
becomes 
Film ro- 
Speed of | tempera- Viscosity jected Friction D uN 
journal, ture, of lubricant, area, torque, P/uN (D/C)? f = 845 — — 
rpm F Ib min/in.? psi lb-in. D/C x 10-5 (D/C)f pN/P 
5.5 : . 5 . 5 region of light loads and highs s where this equa- 
1500 127 11.2 347 8.75 1385 20.60 2.81 0.1315 q 
1497 136 §.89 84 12:30 wer site 1.81 0.0616 tion is known to apply and then calculate D/C. As 
144 .52 0.0357 
1486 5.95 1028 12.83 1.395 0. 0232 so varied some- 
4. a . ; what with the loa s was kept constant in 
1484 174 3.86 1717 16.50 1.078 0.00904 , (t —- P 
td 192 3.74 2170 19. 32 0.995 9.00506 all cases), it was determined for several values of P 
Blots are shown in ig. The extrapolated. value 
: . . 5 ots are shown in Fig. 3. e extrapola value 
1486 246 1.70 4500 30.8 0.765 0.00152 P B en 
1480 249 1.67 4740 33.5 0.790 0.00141 at P/uN = 0 was taken as the true value of D/C. 
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These values are tabulated in Table 3 for each set of shafts 
and bearings used. 


RESULTS 


Fourteen samples in all were tested. Data from two typical 
runs, one on a rough surface and one on a relatively smooth one, 
are shown in Tables | and 2 and they are plotted in Figs. 4 and 5. 
As described in the preceding section the calculated values of D/C 
were plotted against P/uN and the extrapolated value found 
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thereby was then used to calculate the last two columns in the 
tables. 

The complete results are plotted in Figs. 6 and 7, Fig. 7 being « 
small region of Fig. 6 near the minima for the smoother surfaces 
on a much enlarged scale. The experimental points have been 
omitted from Fig. 6 for the sake of clearness since the curves lie so 
close together. 

In two of the runs the limiting load of the machine was reached 
without failure occurring as is shown by curve @ in Fig. 7. 
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TABLE 3 
Value of 
Cc P 


-—Surface roughness— at minimum 


Transverse, Parallel, friction 
Shaft Type of finish microinches microinches D/C coefficient 

K Knurled 550 
A Turned 130 50 1150 0.38 
L Gritblasted 110 
B Ground 70 70 1200 0.25 
Cc Ground 50 50 630 0.06 
M Gritblasted 30-50 ay 280 0.12 
D Ground 14 c- 520 0.0017 
E Ground 13 a7 540 0.0013 
N Chemically etched 11 ea 280 0.024 
F Ground = 8 500 0.0012 
G Ground 6 a 480 ye 
H Ground 4 6 480 0.0010 
I Superfinished 1 500 0.0008-0.0011 
J Superfinished 1 870 wae 


Curve J also does not show a minimum but it lies outside the 
region of Fig. 7. In the case of the knurled shaft K and the grit- 
blasted shaft L signs of incipient seizure appeared even at the 
lightest loads available so that it was impossible to obtain values 
of D/C. The value of uN /P at the minimum value of the friction 
coefficient in these cases were 3 X 107-6 and 1.4 X 1075, respec- 
tively. Assuming any reasonable value for D/C gives results in 
general agreement with the other data. 

Several of the curves, such as curve J in Fig. 7, showed fluc- 
tuations near the minimum which is characteristic of failure in 
babbitt bearings. Apparently when the load and temperature 
become too high locally the babbitt flows and then the shaft re- 
seats itself in the bearing. In such cases the first minimum was 
taken as the true one since with the later ones the configuration of 
the bearing was different. 

An attempt was made to study the friction properties of an 
electrolytically polished surface. As it has not been possible to 
date to polish plain carbon steel satisfactorily an 18-8 stainless 
steel was used. The surface originally measured 4.5 microinches, 
but when it was removed from the friction machine even before 
seizure was reached it was badly galled and scratched and the 
roughness had risen to 15 microinches. When the seizure did 
occur it was very erratic and it was felt that it was not a suitable 
material to use. 


THEORY 


The dotted line in Fig. 6 is the theoretical friction-coefficient 
curve for a centrally loaded partial bearing of 147 deg arc, account 
being taken of side leakage. This curve was obtained using 
Howarth’s graphically integrated results (8) for an infinitely 
wide bearing and applying to them the side leakage factors found 
by Needs (9) for a 120-deg centrally loaded bearing whose ratio 
of developed length to width is 2.5 which is that of the bearing 
shells used in these experiments. From these results for the fric- 
tion coefficient of the journal the friction coéfficient of the bearing 
was obtained by making use of the following relation 


D D 


chi — sino 


derived by Muskat and Morgan (7) for the general case of a par- 
tial bearing of finite width. Here f, is the friction coefficient of 
the bearing, f; is that of the shaft, ¢ is the eccentricity ratio, and ¢ 
is the angle between the line of centers and the direction of the 
applied load. The values of ¢ given by Howarth for the infi- 
nitely wide bearing were used. 

The assumptions which were made in obtaining this curve are 
as follows: 

1 The oil has a constant viscosity throughout the film. This 
is by no means true in an actual bearing as the oil is heated as it 
passes through the film, but Boswall (4) and Kingsbury (10) have 
shown that the viscosity change may be neglected if u is taken as 
the average film viscosity. 


2 In Howarth’s work the resultant load was obtained by 
integrating the pressure over the whole bearing surface whereas 
in an actual bearing at high eccentricities and narrow widths the 
oil film may form over only a part of the bearing surface owing to 
the development of negative pressures. 

3 The side-leakage factors for a 120-deg bearing can be ap- 
plied to a 147-deg bearing of the same length-to-width ratio. 
Kingsbury (11) has shown that the side-leakage factors for the 
load capacity and friction coefficient of a wide variety of different 
bearings including the 120-deg and 180-deg types are not widely 
different for the same length-to-width ratio. This was for the 
single case of an eccentricity ratio of 0.4, but it would be expected 
to hold fairly well for other values. He also showed that the 
angle @ for the 180-deg partial bearing only varied 7 deg when 
the length-width ratio changed from zero to 2.5 and that of the 
120-deg bearing even less. The effect of a change of ¢ on the 
friction-coefficient curve would be expected to be quite small. 

4 The shape of the surfaces is definitely known. It is the 
effect of small scale variations from the ideal geometrical shape 
which is being investigated in this paper. 

The dashed line in Fig. 6 is the Petroff line for a bearing of this 
geometry to which the theoretical curve becomes asymptotic at 
infinity. 

Discussion 


Beginning the examination of the curves in Fig. 6 at their upper 
ends it is seen that while there is some spread of the slopes in this 
region there seems to be no correlation between this spread and 
the surface roughness, curves A and B possibly excepted. 

Since the slopes of these curves are dependent on the values of 
D/C, this spread could be due entirely to inaccuracies in values of 
D/C which, while difficult to estimate, are probably of this order 
of magnitude. It should be borne in mind that the method of 
determining D/C is equivalent to making all the experimental 
curves asymptotic to the Petroff line at infinity so that the curves 
cannot continue to diverge indefinitely but must begin to come 
together again. This then makes the divergence dependent not 
so much on the intercepts of the straight lines in Fig. 3 with the 
axis of ordinates but rather on their inclination thereto. The 
reason for the variation in the slopes of these lines, while a real 
effect, has not been determined. 

In an effort to determine the accuracy in the measurement of 
D/C the following experiment was tried. One D/C determina- 
tion was made at light loads and then a small amount was care- 
fully ground off the surface of the shaft and a second determina- 
tion of D/C was made without disturbing the bearing shells. 
The amount removed or the change in diameter could be fairly 
accurately measured using the same micrometer under the same 
temperature conditions. The second measurement of D/C while 
in the right direction would differ as much as 50 per cent from the 
value measured by the micrometer. The reason for this dis- 
crepancy is not apparent unless it is that with such a narrow 
bearing the rate of approach to the Petroff region is so slow that 
even with the lightest loads available on this somewhat massive 
machine the eccentricity was too great for the Petroff formula to 
hold. 

It may be concluded then that the surface finish has no effect 
on the upper portions of the friction curves where the bearings are 
operating under conditions of hydrodynamic lubrication. The 
two roughest shafts A and B may be exceptions to this in that 
their curves do lie above all the others. 

The theoretical curve, while possessing the same general shape 
as the experimental ones, differs somewhat in detail. The as- 
sumptions made in its derivation have already been discussed 
and it is felt that in this case the one involving the formation of a 
complete oil film over the whole bearing surface is by far the poor- 
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est. Boswall (4) has shown that in partial bearings of more than 
120 deg arc, particularly with central loading, a region of negative 
pressure always occurs at the trailing edge with a resultant break 
in the film. This seems borne out in the present case by the fact 
that a better fit is obtained with experiment if it is assumed that 
the oil film is only 120 deg long and the calculation made on that 
basis. 

The next point to be noted is that while all the experimental 
curves follow the same direction in general agreement with the 
theory, they each show a minimum at widely scattered points 

D\? uN 
The value of (2) - at which each minimum 
occurs is tabulated in Table 3 and is plotted against the roughness 
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of the shaft as measured transversely in Fig. 8. A logarithmic 
scale was used in order to spread out the points at the lower end. 
It is evident that the smoother the finish the lower the value at 
the minimum. This means that for a given clearance ratio D/C 
and a given speed and operating viscosity the smoother shaft will 
have the greater load capacity. It is seen that the improvement 
is greatest for the rougher surfaces, there being a factor of almost 
two hundred between a surface of 70 microinches and a surface of 
13 microinches, while from 13 microinches to 1 microinch the 
improvement is slight. In drawing the curve no weight was 
given to the point for the turned surface because of the difference 
between the longitudinal and transverse readings of roughness and 
the fact that there is some question as to which one is the more 
significant. (The point for the knurled surface lies far to the 
right of the plot.) The transverse reading for the turned surface 
is plotted because this is the larger one and as such would always 
seem to be a limitation on the load capacity no matter how 
smooth the tool marks were. 

The conclusions from this work do not agree with the state- 
ments of Teetor (12) who found that the smoother the surface was 
the less the load capacity. His experimental conditions, how- 
ever, were quite different from the ones in the present work, since 
he used two hard rubbing surfaces, both of cast iron, and a recip- 
rocating motion where the lubrication conditions were undoubt- 
edly poor. This being the case it is possible for the two conclu- 
sions to be reconciled. 

The same is true of results given by Schurig (13) on the anti- 
galling characteristics of different surface finishes. He used 
rhadened steel aga!nst hardened steel in an Almen film-strength 
testing machine and found that by sandblasting or gritblasting 
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one of the surfaces, the load-bearing capacity was increased three- 
fold. The mating surface was fine-ground in all cases. Here 
again one is dealing with two hard surfaces under very severe 
lubrication conditions. 

In a preliminary report of this work (14) a distinct correlation 
between the load capacity of ground and superfinished surfaces 
and their profilometer readings was indicated. In the present 
work the investigation has been broadened to include other types 
of surfaces and Fig. 8 shows that the same general correlation still 
exists. On the other hand the wide scatter of the points shows 
that from the point of view of journal-bearing performance the 
profilometer reading alone is not sufficient. Ground and grit- 
blasted surfaces with approximately the same profilometer read- 
ing all showed different load capacities. In such cases other 
quantities or numbers are needed to adequately describe a sur- 
face. This is not surprising since a surface profile in itself is not. 
simple. Abbott (15) himself has described a method of classify- 
ing surfaces by using three numbers to specify them, but this 
system does not seem particularly related to the load capacity of a 
journal surface. A much better quantity to be measured, in 
addition to the root-mean-square roughness, would be the fre- 
quency with which irregularities occur. This is the quantity that 
differentiates a metal sprayed from a gritblasted surface of the 
same roughness reading. Since the first derivative of a sine curve 
involves the frequency as a factor, an instrument which electri- 
cally averages and records the slope as well as the displacement 
of a surface would be a great improvement in uniquely describing 
a surface. 


SUMMARY AND CONCLUSIONS 


Surface finishes produced in various ways having roughnesses 
ranging from 130 to 1 microinch, as measured by their root-mean- 
square deviations from a median plane, have little or no effect on 
the performance of a partial journal bearing while it is operating 
under hydrodynamic lubrication. There is general agreement 
with theory in this region but the agreement is improved if ac- 
count is taken of the breaking of the film near the outlet end of 
the bearing. 

The lower limit of the region of hydrodynamic lubrication for a 
given journal-bearing combination as indicated by the minimum 
in the friction-coefficient curve is markedly dependent on the sur- 


N 

at the minimum 
decreasing as the surface becomes smoother. This implies an in- 
crease in the load capacity of the bearing with increasing smooth- 
ness and emphasizes the great importance of reducing the surface 
roughness to less than 15 microinches at least. 


2 
face finish of the journal, the value of ~ . 


PART 2 


EFFrEcT ON THE METAL REMOVED FROM A JOURNAL DURING THE 
Ruwninc-In Process 


It is well known that running-in will change the performance 
of a journal bearing (16). The usual picture of the process is that 
small roughnesses and metallic protrusions are worn down until 
the two mating surfaces conform. Also in grinding and turning 
operations there is “fuzz” or partially torn metal chips on the 
freshly finished surface. Such infirm material should probably be 
removed before a good solid load-carrying surface can result. 

As part of our program on the study of the effects of surface 
finish it was decided to find what effect surface roughness has on 
this picture of the running-in process. It was thought that 
one of the most significant quantities to measure would be the 
metal actually removed from the surface as the operation of ® 
journal bearing progressed. 

Everett and Stewart (17) have measured the rate of removal of 
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metal during the running of automobile engines, but there the 
rates are much larger due to the contributing factors of heat, cor- 
rosion, and poor lubrication. Williams and Ludicke (18) studied 
the wear on crankshafts by measuring the change in diameter 
with a micrometer. Connelly (19) has studied the wear of bear- 
ing materials by a varying rate of wear method. None of these 
methods is refined enough to detect the minute quantity of metal 
worn off a steel shaft by a babbitt bearing with good conditions of 
lubrication, and therefore a much more sensitive method had to 
be sought. The final result was the development of a chemical 
colorimetric analysis of iron in the oil used to lubricate the bear- 
ing, and a sensitivity was finally achieved of one part of iron in 
ten million parts of oil. 


METHOD oF ANALYSIS OF IRON IN OIL 


Development of Method. The method of analysis for iron as 
presented here is not novel, but certain features as applied to the 
determination of iron contamination in oil are new. The prob- 
lem was attacked by extracting the iron by refluxing the oil with 
aqueous acids, separating the two layers, and determining the 
iron in the aqueous solution after oxidation to the ferric state by 
means of a standard visual Duboseq colorimeter. In this instru- 
ment the unknown and standard aqueous solutions of iron are 
compared in a split light field and matched visually to equal in- 
tensity by varying the length of the light path of one of these 
solutions. Standard directions for determining the iron as ferric 
thiocyanate were first used. Poor results on the percentage re- 
coveries of known amounts of iron (in the form of ‘roa or its two 
common oxides, Fe,0;, and Fes0,) added to oil were obtained at 
first. These low recoveries were found to be caused by a number 
of effects, such as the instability of the very dilute standard iron 
solutions, the incomplete oxidation of the ferrous ion, and the 
fading of the pink color during the colorimetric determinations. 
As a result of much preliminary work, a standard procedure was 
evolved which finally yielded recoveries of 85 per cent. This 
value was considered sufficiently high for this work. Some of the 
precautions and limitations with regard to interfering constituents 
and other details were taken from ‘‘A Textbook of Quantitative 
Inorganic Analysis,” by I. M. Kolthoff and E. B. Sandell, New 
York, Macmillan Company, New York, N. Y., 1936. 

Standard Procedure for the Analysis of Minute Amounts of Iron 
in Mineral Oil. This method will determine 0.01 mg of iron per 
100 g of oil. To obtain this high sensitivity, blank tests were 
necessary and carried out at all times. The oil sample of about 
100 ce was refluxed with exactly 50 ec of 1N hydrochloric acid in 
an Erlenmeyer flask for three hours, taking care to prevent ex- 
traneous material from entering the system. To the flask was 
then added exactly 100 ce more of 1N hydrochloric acid. The 
refluxing was continued for another hour. A good condensing 
system must be used to prevent any loss of the water during the 
reflux. The mixture, when cold, was divided into two parts by 
means of a separatory funnel. The volume of each of the two 
parts could then be measured as a check. The water layer was 
treated as described below to yield the amount of iron in the oil. 

A 10-ce portion of the clear aqueous layer was placed in a 
small beaker. A 10-ce portion of the standard iron solution was 
placed in a similar beaker. The unknown and standard solutions 
were then treated in an identical manner. To each were added, 
eight drops of 5N hydrochloric acid, three drops of saturated 
potassium persulfate solution, and three drops of 5N potassium 
thiocyanate solution, an excess of each in comparison to the iron 
being measured. The pink color of iron thiocyanate was al- 
lowed to develop for a minute or two while stirring. The solu- 
tions were placed in the cups of the colorimeter and matched to 
equal intensity visually. The total iron content of the water 
layer was calculated. By means of a separate determination 
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employing the standard procedure, the smal! iron content of the 
oil itself was measured. The gain of the iron concentration in 
the oil was the difference of these two quantities. 

Materials. All materials used were carefully examined for iron 
contamination. The iron content was determined for the dis- 
tilled water, the chemically pure hydrochloric acid, potassium 
persulphate, and potassium thiocyanate. The greater part of the 
effect of these contaminations was eliminated by treating the 
unknown and standard solutions in the same way. The error 
introduced by the residual iron was negligible for this work. It 
was found best to make up only small quantities of the persulphate 
and thiocyanate solutions as they decompose slowly over a period 
of months. Throughout this work a standard S.A.E. 30 oil was 
used and its iron content was determined for each run by means 
ofa blank. The babbitts used in the testing machine had a defi- 
nite known iron content. By weighing the babbitts before and 
after a run, the amount of iron introduced from this source could 
be calculated. It was negligible. 

For the test runs where a weighed quantity of iron was added 
to the oil, chemically pure iron powder, pure hematite (Fe.Os;) 
and magnetite (Fe;0,.4H,O) were used. The iron content of 
each of these was measured by a straightforward chemical analy- 
sis with the colorimeter. In this way, any doubt as to the per- 
centage of iron in these substances was eliminated. 

Standard Solutions. The standard solutions finally adopted 
were acidified solutions of ferrous chloride prepared from electro- 
lytic iron (99.9 per cent Fe). These solutions were employed as 
standards after some trouble was encountered in the use of ferric 
alum asastandard. The solutions of ferrous chloride were main- 
tained strongly acid with hydrochloric acid, especially the most 
dilute solutions. These standard solutions were found to be quite 
stable with respect to time. Freshly prepared standards agreed 
within experimental error with standards which were four months 
old. Since the iron extracted from the oil was also in the ferrous 
state, its absorption spectrum and that of the standard solution 
would be the same. Then, since both were oxidized with the 
same colorless oxidizing agent, the resulting absorption spectrum 
of each would be identical. The standard solutions were also 
used to check the colorimeter each day by placing the same solu- 
tion in each arm and varying the light-source box for the colorime- 
ter until both arms yielded the same reading. 

Tests of Extraction of Iron in Mineral Oil. The extraction of 
iron from oil was determined by a series of test runs with the 
standard procedure. A weighed amount of iron in the form of 
iron powder, Fe,O;, and Fe;0,.4H,O was added to the oil, the 
quantities added being quite small, of the order of milligrams per 
100 ce of oil. The iron in the oil was extracted by the standard 
procedure and the percentage of iron recovered was calculated. 
In all, approximately 20 test runs were made. The average re- 
covery of all the runs was 85 per cent. This value meant that — 
85 per cent of the iron in the oil could be extracted when in any 
of these forms. This value was considered to be sufficient for 
the work at hand. 

There are several factors causing this relatively low value of 85 
per cent recovery. That some of the iron remains in the oil was 
shown by tests wherein some of the standard solutions were re- 
fluxed with clean oil for four hours. The amount of iron left in 
the standard solutions after separation from the oil was smaller 
than that originally present, showing a loss of about 4 per cent. 
Another reason was the time factor. As the time of refluxing was 
increased from one to four hours, better results were obtained. 
Since it was desired to strike a mean between percentage recovery 
and time of refluxing, the length of the latter was chosen to yield 
recoveries not lower than 85 per cent. The time of refluxing was 
most important for the case of FesO, where the poorest recoveries 
were obtained. The reason for adding the 100 ce of acid after 
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the first three hours was to displace the oil by an equal volume of 
acid and in this way permit the acid to dissolve any Fe,O; held 
tenaciously on the sides of the flask. The effect of varying the 
concentration of the hydrochloric acid was also tried, but to in- 
sure the elimination of any possible side reactions with the oil, 
the concentration was kept as low as consistent with maintaining 
a recovery of 85 per cent. 


APPLICATION TO THE RUNNING-IN PrRocEss 


Apparatus. The study was made on the running-in of a 
journal-bearing combination. The friction-testing machine, 
described in Part 1, was adapted for this work. In this machine 
the test shaft was driven between two identical split bearings on 
which the load might be applied equally. The load was meas- 
ured by a spring scale. The temperature of the oil film was 
measured by means of a millivoltmeter and copper-constantan 
thermocouple inserted through the lower of the two blocks which 
back the bearing shells into what had originally been intended as 
an oil hole in the bearing. The hole was then plugged so that no 
oil could escape. 

Since the method of study for the running-in depended on 
the measurement of very small quantities of iron in the oil, it 
was necessary to take the utmost precautions to prevent con- 
tamination of the oil by extraneous sources. This eliminated at 
once the use of the customary oil-circulating system with its 
usual iron parts. Instead, an overhead supply of oil in a glass 
container with feed tubing made of neoprene was adopted and 
found entirely satisfactory. Oil was fed to both sides of the 
shafts through the apertures between the bearing blocks. The 
rate of flow of oil was controlled by means of an external screw 
clamp on the tubing. The testing machine itself was carefully 
cleaned after stripping the frame itself of removable pieces. It 
was first scrubbed with hot water and soap, and then with hot 
water and trisodium phosphate, and finally washed with carbon 
tetrachloride till the liquid was no longer turbid. During these 
studies thie machine was covered to exclude dust particles. 

Procedure. In making a run the oil from the overhead supply 
was fed to the bearing for a period of one-half hour before starting 
the machine. The purpose of this was to wash out any possible 
extraneous matter just prior to the test. Rotation of the shaft 
was then started and simultaneously the collection of oil was be- 
gun. The oil was collected in the same Erlenmeyer flask which 
was used later for the refluxing with acid. This necessitated the 
use of many such flasks but eliminated any error caused by sedi- 
mentation or adsorption of the iron particles on the glass walls, 
since no transfer of the oil was necessary. In the early runs, the 
oil samples of about 100 cc were collected every half hour, but 
later this period was shortened when necessary. The collected 
samples were protected from dust until analyzed for the iron con- 
tent in accordance with the standard procedure already given. 
At the end of the run a blank sample of oil was collected by merely 
allowing the oil to flow through the same path after the rotation 
was stopped. The shaft and bearings were then removed and 
examined. 

Materials. The shafts studied were 2'/; in. in diameter, made 
of S.A.E. 1040 steel heat-treated to a hardness of 200 Brinell. 
They were given ground finishes of varying roughness and one 
was superfinished. The grinding scratches were circumferential 
and the roughness readings were taken by the Abbott profil- 
ometer transversely to the direction of grinding and direction of 
motion, since in Part 1 it was shown that for ground surfaces as 
rough as 75 microinches the reading taken parallel to and across 
the scratch direction agreed quite well. The profilometer has 
been described in detail elsewhere (3), but essentially it consists 
of a tracer point whose vertical displacements as it moves over 
the surface to be measured are magnified and averaged electrically 
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so that approximately the root-mean-square displacement of the 
surface from a median plane is read on a meter in millionths of an 
inch, or microinches. The bearings were a steel-backed babbitt 
of the type generally used for main and connecting-rod bearings 
in automobile engines. They were cut to the form of partial 
bearings 147 deg in arc and 1.08 in. wide. Their roughness ranged 
from 6 to 10 microinches. The composition of the babbitt is 
given in Table 4. 


TABLE 4 ANALYSIS OF BEARING METAL 
Per cent 


5 
Antimony 7.25-7.75 
Aluminum 


In some of the runs, the bearings were weighed before and after 
the run to determine the loss in weight and possibility of introduc- 
tion of small amounts of iron in the oil. Throughout this work a 
standard grade 8.A.E. 30 oil from a Pennsylvania base was used. 
Its viscosity characteristics are shown in Fig. 2 of Part 1. 

Results. The data for a typical run are given in Table 5. This 
run was somewhat longer than others but it was chosen for several 
reasons. It illustrates the time of taking oil samples, the volume 
of oil collected, and the corresponding measured iron content of 
the oil. This iron-content value was then corrected for the 
amount of iron in the given volumes of oil sample on the basis of 


TABLE 5 TYPICAL RUN 
Surface finish of journal, microinches.................. 
Speed, rpm 
Operating temperature of bearing, F 


Corrected 
iron content, 


Iron 
content, 


Volume 


Sample Time, of oil, 


no. 


wh 


Surface finish of journal, microinches 
Speed, rpm 

Operating temperature of bearing, F 


Corrected 
iron content, 


Volume 


Sample content, 


Time, 
no. hr 
0.25 
0.75 
1.25 


(Stopped and started five times without load) 


(Stopped and started five times under load) 


7 ‘ 0.061 
8 75 0.022 
9 0.036 


the iron per unit volume of the blank. This corrected value was 
rounded off and entered in the next column. The final column 
gives the total iron measured. This run also illustrates the ex- 
perimental accuracy of the chemical method of analysis in that 
the last values scatter about zero. From this we would say that 
the experimental error in any one iron determination is +0.01 mg. 


~ 
6-7 
43. 
15 
r ce mg mg mg 
See ‘ad 1 0.25 95 0.093 0.06 0.06 
0.75 105 0.070 0.03 0.09 
oleae Aas 1.25 110 0.044 0.00 0.09 
stp ay 1.75 85 0 037 0.00 0.09 
2 25 75 0.028 0 00 
3.25 100 0.036 0.00 
3.75 155 0.069 0.01 
4.25 115 0.035 —0.01 
10 4.75 100 0.030 -0.01 
5.25 100 0.026 —0.01 
13 6.25 80 0.0 
14 6.75 130 0.035 -0.01 
15 7.25 85 0.041 0.01 
16 Blank 110 0.041 
lk ty TABLE 6 RUN TO INVESTIGATE EFFECT OF STARTING 
: 
ce mg mg 
80 0.055 0.02 
120 0.054 0.01 
4 1.75 145 0.063 0.01 ; 
5 2.25 75 0.026 0.00 
6 2.75 115 0.067 0.02 
-0.01 
—0.01 
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It should be noted that the values for the total iron were those 
measured and not corrected for the fact of an average recovery of 
85 per cent. Such a correction would require, before it could be 
applied, additional evidence as to the form in which the iron ap- 
peared in the oil, i.e., as iron or its oxides. 

The run given in Table 6 was made to see whether the iron was 
really worn off gradually during a running-in process or was 
produced by the initial starting of the machine when the lubrica- 
tion conditions are poor. The run was made in the usual way 
until sample No. 3 showed no more iron removal. Then the 
rotation of the shaft was stopped, care being taken to remove the 
load before rotation ceased, after which the rotation was started 
again and the load applied simultaneously. This simulates the 
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usual starting procedure. This cycle was repeated five times in a 
period of half an hour and then sample No. 4 was taken. The 
result shows no significant increase in iron. Finally after sample 
No. 6, the process was repeated, but this time the load was kept 
applied all the time. Sample No. 7 shows a significant increase 
in iron removal. This condition is much more severe than that 
used in starting the runs in this work but it probably more nearly 
simulates service conditions. 

The results are presented in graphical form in Figs. 9, 10, and 
11. The study was started by selection of a given surface finish 
and varying the pressure or load per unit projected area of the 
bearing. Pressures of 43, 150, 350, and 1010 psi were used. 
These results, in Fig. 9 permitted the choice of a definite pressure 
to carry out the tests on varying the surface finish. The latter 
results are given in Figs. 10 and 11. 

In Fig. 9 were plotted the experimental values of total corrected 
iron content in milligrams of the oil against the time in hours. 
These results indicate a large initial rate of iron production which 
then falls off rapidly, so that practically zero wear occurred after 
the first hour. The surface tested here had a ground finish with a 
profilometer reading of 5 to 10 microinches. In the range from 43 
to 350 psi, no great significant difference was found in the quan- 
tity of iron produced. The slight increasing tendency at these 
lower pressures was confirmed by the large jump in iron content 
at the highest pressure studied. From the level portions of these 
curves were determined the total iron worn off at the end of two 
hours. This total quantity of iron removed increased with in- 
creasing load. 

In Fig. 10, the results are given for constant pressure of 43 psi 
and varying surface finish from one to 75 microinches. From 
this figure, it is seen that the initial rate of wear was much larger 
for the rougher surfaces. The total iron removed in two hours is 
tabulated in Table 7 and plotted against the surface roughness in 
Fig. 11. Here the remarkable result is seen that the curve of 
total wear versus surface finish is a straight line which passes 
almost through the origin. 


TABLE7 TOTAL WEAR VERSUS SURFACE FINISH 


Surface Total iron 

Type of finish, after 2 hr, 
surface microinches mg 
Superfinish 1 0.04 
Ground 6-7 0.09 
Ground 13 0.15 
Ground 45 0.41 
Ground 75 0.66 


Discussion. The extremely small amount of metal repre- 
sented by the curves in Figs. 9, 10, and 11 should be emphasized. 
In this work one milligram of iron if removed in a uniform layer 
from the area of the shaft under the bearing would have a depth 
of only one millionth of an inch or one microinch. While it is 
quite certain that the metal is not removed in that fashion since 
examination of the shafts showed both smoothed areas, untouched 
areas, and sometimes small scratches, still this testifies to the ex- 
tremely small quantities with which we are dealing. It should 
also be noted that this hypothetical thickness is always much less 
than the root-mean-square roughness of the shaft surface in 
question even when the load was over 1000 psi. 

Since no measurement of the clearance ratio was made on these 
shafts and bearings, it is impossible to tell exactly where on the 
friction-coefficient curves determined in Part 1 these runs took 
place. However, taking a conservative value of 500 for D/C or 
the ratio of diameter to diametral clearance between shaft and 
bearing and calculating the viscosity from the measured tempera- 


viscosity, N the rpm, and P the pressure) fall well up in the hydro- 
dynamic range of the curves of corresponding roughness in Part 1. 
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(There is a possible exception for the surface of 75 microinches 
with a load of 43 psi where, as discussed in Part 1, the effect of 
surface finish may extend well up the curve.) This being the 
ease, one should not expect any metal-to-metal contact between 
shaft and bearing to take place except at the initial starting. 

The effect of the initial starting was studied in the run of Table 
6 and has already been discussed. Since no iron was found to 
arise from this cause, it must be concluded that the slight metal- 
to-metal contact which was visible on the shaft and which caused 
the observed iron removal takes place at least intermittently even 
under conditions of full fluid lubrication. 

Williams and Ludicke (18) in the study of the wear of crank- 
shafts show rate-of-wear curves similar in shape to those of Figs. 9 
and 10 except that in their curves after the initial steep rise the 
curves do not flatten off entirely but continue to show wear at a 
much smaller rate. This type of service is undoubtedly more 
severe than that employed in the present work and the wear was 
large enough so that a difference in diameter of as much as 0.0005 
in. could be measured mechanically after 20-hr running. In 
view of this it is not surprising that the wear during actual service 
is appreciable while in the present work it is not, but in both cases 
it is interesting to note a much increased initial wear which in 
their case ceased in from 5 to 20 hr while in our case ceased in 
about 2 hr. 

The straight-line relationship in Fig. 11 between the total iron 
removal and the root-mean-square roughness is interesting. Al- 
though one might expect more metal to be worn off a rough sur- 
face than a smooth one, the linear relation is somewhat surprising. 
This is quite as revealing in the light that it throws on the ques- 
tion of what the Abbott profilometer really measures as it is on the 
question of metal removal. It indicates that regardless of the 
significance of the profilometer root-mean-square readings they 
may be taken as a measure of the metal which would be removed 
from a ground shaft during the running-in process. 


SUMMARY AND CONCLUSIONS 


A sensitive method of determining iron in oil has been de- 
veloped, involving the extraction of the iron from the oil by means 
of hydrochloric acid. This permits the determination of 1 part of 
iron in 10,000,000 parts of oil. This method was applied to the 
study of the wear-in of a journal-bearing combination. 

The effect of pressure on the running-in process was studied 
while maintaining a constant surface finish. The results indicate 
that the wear at the end of two hours increases with pressure for 
the pressure range up to 1000 psi and the conditions obtaining in 
these studies. 

The effect of surface finish on the running-in process was 
measured at constant pressure. A remarkable straight-line rela- 
tionship exists between the total wear at the end of two hours and 
the degree of surface finish, at the constant pressure employed. 

It was found that the running-in period takes place in a short 
time, of the order of one half to one hour. The initial rate 
of wear is high and falls off fairly rapidly. [In all cases the quan- 
tity of metal removed was quite small, being less than a millionth 
of an inch if it could be considered as being removed uniformly. 
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Modern Passenger-Car Ride Characteristics 


By R. SCHILLING,’ DETROIT, MICH., ano H. O. FUCHS,' DETROIT, MICH. 


The paper presents the main ride problems found in 
passenger-car suspensions and numerical data illustrating 
present practice. Analyses of transient conditions are 
shown: (@) for a single sprung mass, (0) for the car as a 
system with two degrees of freedom, (c) for the effect of 
the seat cushion. The motions of the unsprung masses 
between road surface and chassis are defined as shake mo- 
tions. Data are given for the vertical motion “‘wheelhop.”’ 
As an example of secondary shakes, the sideshake of an 
axle is described from test data. 


DEFINITION OF Mortons 


HE progress of a motorcar over an uneven road _ pro- 

duces many motions between elements of the car, other than 

those functioning in the generation and transmission of 
power. Among these, “ride” motions are those with the lowest 
frequencies, about 60 to 100 permin. They are almost exclusively 
motions of the sprung masses on the suspension springs plus 
radial deflections of the tires. The motions of next higher order 
we call “shakes.” They are the oscillations of the unsprung 
masses between tires and suspension and occur with frequencies 
between 450 and 1000 per min. Ride and shake motions do not 
affect each other greatly and may be considered separately. 


Comrort Factors 


The discomfort caused by ride motions (1, 2, 3)? depends upon 
the following factors: 


(a) Rate of change of acceleration 
(b) Acceleration 
(c) Displacement in pitch or roll. 


It is not proportional to the magnitude of these three and does 
not depend upon any one of them alone. Since no exact agree- 
ment exists concerning the relative importance of the factors 
and, since one can always be decreased at the expense of the 
others, almost every model on the market represents a different 
compromise. The only general statement which can be made is 
that discomfort is less the lower the frequency of motion. 

On the best-riding cars of today, the free ride frequencies lie 
between 60 and 75 per min, on poorer-riding cars between 70 and 
i00 per min. Still lower frequencies are desirable but at present 
impractical for two reasons: (a) With lower spring rates, the 
standing height varies too much under different passenger loads; 
(b) lower frequencies cause too frequent “striking through” of 
the suspension unless the ride clearances are increased consider- 
ably. 

Mass on SiIncLe WAVE 


The study of a simple system, as shown in Fig. 1, yields con- 

' Engineer, Products Study Division, General Motors Corporation. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the Annual Meeting, New York, N. Y., Decem- 
ber 2-6, 1940, of Tue American Society or MeEcHANICAL ENGI- 
NEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1941, for publication at a later date. Discus- 
Sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


siderable information about car suspensions. Calling the di-- 
placement of the mass x, that of the road wave y, we have 


mé + f(t —y) + k(x —y) = 0 

The damping provided by shock absorbers is far from linear. 
Therefore f must not be a constant but a function of the velocity 
&——y. A number of such damping functions in modern cars are 
shown in Fig. 2. They show rapid rise at first, obtained by dis- 
charge of fluid through an orifice; then a leveling off, obtained by 
the opening of a spring-loaded blowoff valve. They also show com- 
pletely different character for compression (#7 < 4) and rebound 
(¢ > y) strokes. To solve this nonlinear differential equation, 
we have built a simple mechanical analyzer, which plots z and # 
for any given f and y function (refer to Appendix). 

Fig. 3 shows the solution for a suspension with 8 in. static de- 
flection, and damping according to the solid line for front in Fig. 2, 
going over a single harmonic road wave 1.5 in. high and 0.27 sec 
in length. The lower diagram shows how the damping force 
(shaded area) virtually doubles the vertical force provided by the 
spring alone; in the first compression stroke it therefore more 
than doubles the energy input. The rate of change of the force 
(and acceleration) is increased by the damping in the next re- 
bound stroke. The second compression stroke shows the desir- 
able slow change of acceleration and considerable energy absorp- 
tion. Fig. 4 shows the results on a longer wave. The damage by 
energy absorption in the first compression stroke is still there, 
but rate of change of acceleration is much slower. 


PATH OF C.G 


SPRUNG MASS——++~_ 


SPRING 
ROAD WAVE 
DAMPIN 
Y 
Fic. 1 SprunG Mass Goine Over A SINGLE WAVE 


These diagrams show the reasons for the shape of the damping 
functions. On the short wave, the forces would be still higher if 
they were not limited by blowoff. The energy absorption in the 
later cycles would be too small if the orifice were too large. It 
also becomes clear that reduction of spring rates alone makes but 
slight improvement in riding comfort; damping forces must also 
be decreased. Furthermore, the diagrams show a fundamental 
shortcoming of shock absorbers which are controlled by velocity 
only. The damping force during the first compression stroke and 
rapid changes of damping force should both be avoided. 

Fig. 5 shows a summary of data from a series of diagrams simi- 
lar to Figs. 3and 4. The upper part shows absolute values of dis- 
placement, acceleration, and jerk, the lower part their magnifica- 
tion or reduction by the suspension. They are plotted as func- 
tions of speed in wave lengths (of the road wave) per second, 
or of the frequency ratio. The displacement curve shows a 
peak when the wave duration is equal to one free period. Ac- 
celeration and jerk reach their absolute maxima at much higher 
speeds; they are magnified by the suspension at very low 
speeds, but this is unimportant because the absolute values are 
still quite small. 
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Pircu aND BouNCE 


The car on its springs has six degrees of freedom. We are here 
concerned only with the three which contain vertical displace- 
ment, which are: 


(a) Bounce, i.e., vertical translation. 
(b) Pitch, i.e., rotation about a transverse axis. 
(c) Roll, i.e., rotation about a longitudinal axis. 


A first approximation can be made by studying the coupled sys- 
tem of pitch and bounce alone. This system has been investi- 
gated previously (4, 5 6, 7, 8), but only for the case of free oscilla- 
tions and without considering the proper damping. On the road, 
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(Solid line, front displacement K?/(ab) = 1; dash line, rear displacement 
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the car is always in a transient condition and the important char- 
acteristics can only be observed by studying a transient motion 
which approximates road conditions. The simplest one, that 
chosen here, is the passage over a single sinusoidal wave such as 
that shown in Fig. 1. 

In our calculations we use the motion of the front suspension 
and that of the rear suspension as the two degrees of freedom. 
Each of these receives only a single excitation, but they are 
coupled to each other by inertia reactions. If we call the radius 
of gyration of the sprung mass K and the distance from its cen- 
troid to the front and rear axle a and b, the inertia coupling is 
proportional to (K? — ab) and disappears if K?/(ab) = 1. 

On average cars we find K?/(ab) = 0.8. Toshow the difference 
between a car with K?/(ab) = 1 and one with K?2/(ab) = 0.8, 
ride displacements were calculated for the following conditions: 
Front static deflection 9.6 in.; rear static deflection 8 in.; damp- 
ing as shown in solid lines in Fig. 2; sprung load 1000 lb per 
wheel; a = b = 5 ft; K* = 25 sq ft in one case, K? = 20 sq ft 
in the other case; the car is going 30 mph over a wave 1.5 in. 
high and 38 ft long (or 0.87 sec long at this speed). The front 
and rear displacements for the two cases are plotted in Fig. 6, 
which shows that for this case the coupling is already so small 
that we can afford to neglect it for our present analysis. 

Road experience confirms that inertia distribution is much less 
important than spring rate distribution within the practical 
range. We actually prefer to keep K2/(ab) < 1 for better steer- 
ing. 

Fig. 7 shows pitch and bounce displacements over a single 
road wave 1.5 in. high for different wave lengths and at different 


Fic. 7 Bounce PitcH Dis- 
PLACEMENTS ON SINGLE Roap 
WAVES 


(Solid lines indicate: 2 K bounce = 
{front displacement + rear displace- 
ment]; dash lines indicate: pitch = 
{front displacement — rear 
ment]; front static deflection 6: = 9.6 
in.; rear static deflection 52 = 8 in.:; 
damping functions = solid lines of 
Fig. 3.) 
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car speeds. They were obtained by calculating front and rear 
displacements separately (K* = ab) for the same car as Fig. 6 
and then plotting front plus rear as twice bounce, and front minus 
rear as pitch. Displacement curves are shown in preference to 
acceleration curves, because they are less affected by the damping 
and, therefore, give a better picture of the general character of 
the ride. Road experience shows that the characteristic “‘action’”’ 
of the car is mainly determined by the spring rate distribution. 
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Only after this has been correctly chosen can the final ride be 
worked out by damping adjustments. The latter step produces 
only minor changes in the displacements, but quite large ones in 
the accelerations. 

Our first aim is to relate front and rear suspension in such a way 
that the resulting motion at any point is as smooth and as nearly 
simple harmonic as possible. The curves of Fig. 7 show that this 
has been accomplished except for a combination of short waves 
and low speeds. The pitch is smooth over the entire range. 
This smoothness is the characteristic “action” previously referred 
to. 

Fig. 8 is plotted from Fig. 7 and other similar curves. It shows, 
plotted against the car speed, on top, the maximum bounce and 
pitch amplitudes (first positive plus first negative peak amplitude), 
in the middle the time between first positive and first negative 
peak. The free period of the front end is 0.99 sec, that of the 
rear end 0.9 sec. The distances traveled in these times are shown 
in the lowest diagram. 

A study of Fig. 8 gives the following picture: 

(a) The static amplitudes appear as amplitudes at zero speed; 
they vary for different ratios of wave length to wheel base. With 
increasing speed, all amplitudes rise to a maximum and then de- 
crease again. 

(b) The maximum pitch occurs when the distance traveled 
per free period is about equal to one wave length; at this speed 
the time between first positive and first negative pitch peak be- 
comes equal to one-half free period. The only exception to this 
is the 11-ft wave. 

(c) Maximum bounce occurs at higher speeds. 

(d) Pitch amplitudes become again equal to static when the 
distance traveled per free period is about 1.6 wave lengths. This 
of course is only true for the particular damping used. 

(e) ‘There exist definite enveloping curves for pitch and 
bounce, which show the maximum amplitude that can be reached 
at a given speed, regardless of wave length. 

(f) Road waves more than 60 ft in length do not produce 
much pitch because their static pitch angles are quite small. 
But their bounce amplitudes remain large at resonance. A 100-ft 
wave at 90 mph will produce more bounce than a 40-ft wave of 
the same height at 36 mph. Therefore, waves up to 120 ft can 
cause great discomfort if their amplitudes are of the order of 2 in. 
If their amplitudes reach 6 in. they cause vertical accelerations 
of the order of 100 per cent gravity and can be really dangerous. 

Fig. 8 gives the impression that our suspensions actually are 
not especially effective, at least in the suppression of amplitudes. 
But this appears so only because the group of wave lengths shown 
are those which give the worst resonance condition in the ordi- 
nary speed range. The 26-ft wave is handled fairly well at 
medium speeds, and the maximum benefit comes on yet shorter 
waves. This was already indicated by Fig. 5, which showed the 
great reduction of acceleration on short waves. 

The curves showing the time between first positive and first 
negative peak approach asymptotically to a lowest value; the 
suspension does not permit a bounce motion with less than 1-sec 
period and a pitch motion with less than 0.6-see period. This 
means again that the accelerations are reduced more than the 
amplitudes. But this limit on frequencies holds only on a single 
wave. On repeated waves a motion of higher frequency is 
possible. 

It is also observed that such a suspension, at normal driving 
speeds, does better in suppressing pitch than in suppressing 
bounce. This is an important feature of modern suspensions. 
On the road, it gives what is called a “flat” ride (9), one which 
shows only a moderate pitch angle, and a pitch motion which is 
damped quickly without showing beats or build up due to inter- 
ference effects. 
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Fig.9 SpruNG-WeEIGHT DISTRIBUTION OF PASSENGER CARS AT CURB 
Loap 


(Crosses indicate 1940 models with independent front suspensions; circles 
indicate 1940 models with front-axle suspensions; triangle indicates 1933 
model.) 
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Fie. 10 Static DerLecTions OF PASSENGER-CAR SUSPENSIONS 


Exc.LupInG Tires, AT Four-PAssENGER LOAD 


(Crosses indicate 1940 models with independent front suspension; circles 
indicate 1940 models with a Suess: triangle indicates 1933 
model.) 
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Fie. 11 Raprat Rate or Trres 


MEASURED Factors 


Fig. 9 shows the mass distribution measured on a number of 
1940 cars. Each point represents a car located according to 
weight distribution a/b and mass distribution K?/(ab) at curb 
load. The mass distribution does not vary enough to cause 
important differences in ride. 

Fig. 10 shows the statie deflections 6; and 6 of the front and 
rear suspensions, excluding tires, of this same group of cars. 
The mean static spring deflection 0.5 (6; + 62) of most cars is 
between 6 and 9.5 in. and the deflection ratio (rear deflection/ 
front deflection), 6:/6,, is between 0.6 and 0.95. The best ride 
is obtained if 62/5, is approximately 0.8. Cars which are far 
from this ratio definitely have poor riding qualities. 

The radial rates of a number of popular tires are shown in 
Fig. 11 (from data supplied by the U. 8. Rubber Products Com- 
pany); under the weight of the corresponding cars their static 
deflection is about 0.75 to 1 in. This must be added to the spring 
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Fig. 12. Verticat Motion or REAR-SEAT PASSENGER 


deflections shown in Fig. 10 to judge the ride frequencies on the 
road. 


THE PASSENGER ON THE SEAT 


Several more degrees of freedom are introduced by the elas- 
ticity of the seat cushions. Fora simple analysis of the vertical 
motion, the car weight may be assumed to be so great that the 
motion of the passenger does not affect the motion of the car. 
Fig. 1 then represents the system, if instead of the road wave 
we use the car displacement z as the disturbing function. Call- 
ing the absolute vertical displacement of the passenger z we get 


mz + f(z — z) + k(e —z) = 0 


Some conclusions about the motion of the passenger can be 
drawn from Fig. 5, which shows how a system like Fig. 1 acts 
under a single wave excitation. The excitation x has more than 
1 cycle and the resonance effect will be stronger than shown in 
Fig. 5, otherwise the action will be similar. With the usual period 
of a passenger on a seat of about 0.4 see (10), and a period of the 
large bounce displacements of about 1.1 sec (according to Fig. 8), 
we operate at a frequency ratio of nearly 0.4 and in a range where 
the accelerations are amplified. To operate in the range where 
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accelerations are reduced, the frequency ratio must be above 
unity, which means static seat deflections approximately 6 times 
as large as they are now. This is impractical; it would cause ex- 
cessive relative motion between passenger and car and excessive 
variation in seat height for people of different weight. Stiffer 
cushions would show less response to ride motions, but would 
not absorb higher frequencies nor produce proper pressure dis- 
tribution in the seating area. Some resonance of the passenger to 
ride motions must therefore be accepted; it must be controlled 
by damping in the cushion. 
Adding —mé to both sides of the preceding equation gives 


m(z — £) + fi — + ke —z) = 


which shows that the relative motion is excited by car accelera- 
tion, not displacement. Fig. 3 indicates that the intervals be- 
tween acceleration are shorter than between displacement peaks 
for a car running over a wave. The acceleration will therefore 
often excite the relative motion near resonance. During the first 
rebound stroke, large change of acceleration with high rate of 
change can throw the passenger off the seat, although the down- 
ward acceleration of the car is less than gravity. 

Fig. 12, calculated on the mechanical analyzer, illustrates such 
acase. The data are: The static deflection of suspension is 8 in.; 
rear damping as used before; the wave is 3 in. high, 0.46 sec 
long (for instance, 20 ft long at 30 mph); the static deflection of 
the cushion is 1.62 in. with 12.5 per cent of critical damping in the 
cushion. The seat motion (difference between curves C and D) 
is about 35 per cent of the car displacement, and the passenger 
acceleration reaches 180 per cent of the maximum car accelera- 
tion; the passenger is almost lifted off the seat while the car 
acceleration reaches only 47 per cent of gravity. 

The first cycle of the acceleration, with about 0.6-sec period, 
excites the relative seat motion quite strongly, but the following 
periods of car acceleration are much longer so that it lags behind 
the seat motion and damps it almost instantly. The relative seat 
motion (C — D) shows only 3 half cycles, but of large amplitude. 
This happens frequently on the road and creates the mistaken 
impression of a well-damped cushion. 


RELATION OF To Ripinc CoMFort 


The roll is usually not included in discussions of ride because 
most roads have few unsymmetrical waves, however, on wavy 
macadam roads there are enough of them to make the roll impor- 
tant for riding comfort. An analysis of the system of bounce, 
pitch, and roll is not satisfactory to explain the action, because 
the couplings between roll and bounce or pitch and roll are much 
weaker than those between roll and steering. The system of the 
last two motions is therefore more important, but its analysis has 
not yet been completed. 

From observation we have come to the following conclusions: 

(a) Roll frequency should not be much above that of pitch 
and bounce, so that the motions blend together, but it should cer- 
tainly not be lower. 

(b) Roll damping should be fairly low, because a jerk in roll 
is more uncomfortable than a vertical jerk. 

(c) Roll stiffness should be distributed as nearly equally be- 
tween front and rear as possible. The impulse from one end is 
then resisted by stiffness from the other. The choice of roll- 
stiffness distribution is unfortunately limited to a narrow range by 
steering requirements. 

Fig. 13 shows the measured roll stiffness of a number of 1940 
cars. Each point represents a car, arranged according to its front 
and rear roll stiffness per ton of rolling weight. The total roll rate 
is reasonably uniform, mostly between 300 and 370 ft-lb per deg 
per ton. The distribution between front and rear varies greatJ+, 
according to steering requirements. 
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Fig. 13° Roti Rates TON ROLLING WEIGHT OF PASSENGER Cars 
AT Four-PassENGER Loap 


(Crosses indicate 1940 models with independent front suspension; 
indicate 1940 models with front-axle suspension. ) 
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Fig. 14 Rear-Axte Tramp 
(Wheelhop on #/;-in. cams.) 


SHAKE Motions 


Shake motions are best studied on a fixture which we call the 
bump rig. It consists of a pair of chassis rolls, about 4 ft diam, 
driven from outside, on which are mounted cams of approxi- 
mately sinusoidal shape. By means of this rig we can excite 
shake motions while the wheels are rolling. Stationary wheels 
would not give the correct ground contact forces. 

Wheelhop is the vertical oscillation of the unsprung masses be- 
tween tire and suspension. Fig. 14 shows alternate wheelhop 
(tramp) of an axle, as observed with */,-in. cams. Since, at about 
2 in. hop (+ 1 in. amplitude), the tire leaves the ground, the 
effective spring rate decreases for larger amplitudes. The dia- 
gram shows the characteristic of a system with decreasing rate, 
i.e., different amplitudes for increasing and decreasing speed in 
the resonance range. The hop of a single independent wheel 
gives practically the same result. Parallel hop of an axle usually 
occurs at lower frequencies, since the oscillating mass is larger. 

In the frequency range from 450 to 750 per min, the road wave 
is considerably magnified. All other shake motions are excited 
by wheelhop and, therefore, cause trouble if their resonance fre- 
quencies approach this range. 

To illustrate the other possible shakes which we call secondary 
shakes, one example, the sideshake of an axle, will be discussed. 
The tramp is coupled to the sideshake and yawing by the follow- 
ing six factors: 

1 The roll center (center of lateral stiffness between axle and 
chassis) is usually below the center of gravity of the axle. 

2 When a cambered tire rolls over the ground it produces a 
side thrust proportional to the camber angle (11, 12). 

3 For reasons of steering stability, rear suspensions are so ar- 
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Fic. 16 Rear-Ax_p SIDESHAKE AMPLITUDES 


(Curve a full line, springs below axle; curve 6 dash-dot line, springs above 
axle; curve c dash line, springs below axle, increased lateral stiffness.) 


ranged that the axle steers when it tramps. This action produces 
a side force which adds to the camber thrust. 

4 The rolling radius of the tires changes during tramp. The 
rotary velocity of the wheels therefore must vary, requiring ac- 
celerating forces at ground contact. These forces excite yawing. 

5 Gyroscopic coupling between tramp and yaw is negligibly 
small. 

6 Finally, yawing and sideshake are coupled because the 
center of lateral stiffness between axle and chassis is usually ahead 
of the axle. 

Figs. 15 and 16, curve a, show the sideshake of an average 
car on the bump rig. At low frequencies, the tramp occurs around 
the roll center. With increasing frequency, the center of motion 
moves downward away from the roll center. The sideshake lags 
behind the tramp more and more as indicated by the path of a 
point such as A, which opens up into a loop. At sideshake 
resonance, the tramp and sideshake are 90 deg out of phase and 
point A describes an upright ellipse. Point B also describes an 
ellipse, and in such a direction that the velocity is directed out- 
ward when the wheel is cambered outward. In this case then, 
we pick up energy from the rolling motion of the car. Above 
resonance, the sideshake lags 180 deg behind the tramp and all 
amplitudes decrease. Finally the center of motion moves very 
close to the center of gravity of the axle. 
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There are several ways in which the sideshake can be reduced: 

(a) By higher lateral stiffness of the suspension. This raises 
the sideshake frequency into a range where the tramp amplitudes 
are smaller. 

(b) By introducing damping in the lateral motion. Fig. 16, 
curve ¢, illustrates the combined effect of these two measures. 

(c) By raising the roll center above the axle center. This re- 
verses the phase between tramp and sideshake. The path of 
point B will then be traversed in the opposite direction and the 
tire forces become damping instead of exciting forces. Fig. 16, 
curve b, shows the amplitudes in such a case. The motion of the 
axle center here is nearly always proportional to tramp; there is 
no increase at resonance. 

All secondary shakes look very much like this sideshake in their 
general form (13). They are caused by wheelhop. There are 
as many, potentially, as there are degrees of freedom of the un- 
sprung masses. They are excited by the wheelhop, which is pro- 
duced by road waves or by the unbalance and runout of the 
wheels. They form coupled systems of two or more degrees of 
freedom. The couplings consist of elastic and inertia forces in 
the suspension and of reactions from the tire ground contact. 
The latter are most dangerous because they can be servo- 
couplings, which draw energy from the forward motion of the 
car if the phases are right. 

A mathematical analysis of such systems is possible, but we 
have found it very unsatisfactory. This is so because the elastic 
and inertia constants cannot be properly defined. The chassis 
itself is a system with distributed elasticity and inertia and has 
structural resonances not much above the shake resonances. 
This means that at least one more degree of freedom with very 
complicated parameters should be included. A few minutes ob- 
servation on the bump rig with the crudest instrumentation give 
us a better picture of the motions and their relations than weeks 
of mathematical analysis. 

From this study, we are convinced that eventually we shall be 
able to suppress secondary shakes completely. The wheelhop 
cannot be suppressed, but a chassis can be built so that the wheel- 
hop is hardly noticeable to the passengers. 


Appendix 
INSTRUMENTATION 


The illustrations Figs. 17 to 20 show some of the tools used to 
obtain the data presented in this paper. 

Fig. 17 shows the mechanical analyzer. The timeshaft A is 
electrically driven. It operates a set of eccentrics and slides at B, 
which produces the equivalent of a sinusoidal road wave (y and y) 
for 1 cycle and then is disconnected. The displacements y and z 
are combined to produce displacement of the slide carrier J te 
right or to left in the illustration. The velocities ¢ and y produce 
displacements of the slide and pointer along the carrier at right 
angles to those due to z and y. The damping characteristic is 
plotted on table C. If this table is moved by the handwheel D 
parallel to the z and y motion, so that the pointer is always on the 
curve the motion of the table will be proportional to the accelera- 
tion. 

The two integrators are shown at E. Each consists of a long 
cylindrical roller driven from the timeshaft, and a spherical roller 
resting on it, which is located by a Cardan mounting. The 
mounting is steered around a vertical axis by a tiller. The 
tiller motion of the first integrator is taken from the shift of table 
C and is therefore the acceleration. If this is zero, the axis of 
the spherical roller is parallel to that of the cylindrical roller. 
If it is different from zero, the tiller will steer the roller and, due 
to the time rotation of the cylindrical roller, the gimbal ring of the 
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Fie. 18 Fixture For MEASURING Mass DISTRIBUTION OF CARS 


Cardan mounting will begin to tilt. The angle of tilt is the time 
integral of acceleration. This tilt is continuously reset to zero by 
shifting the cylindrical roller along its axis with handwheel G, 
which operates a set of gears and racks at F. This reset displace- 
ment of the first integrator is then the velocity and is used as in- 
put in the second integrator. The resulting motions are properly 
coupled by wires run over ball-bearing pulleys, and also actuate a 
set of recording pencils at H. These are usually connected to re- 
cord the road wave, and displacement and acceleration of the 
sprung mass. The road-wave recording pencil can also be used 
to produce manually a disturbing function according to a plotted 
function. 

Fig. 18 shows how the radius of gyration and the height of the 
centroid are measured at the General Motors proving ground. 
The car is clamped on a pendulum of known dimensions and the 
period of oscillation is measured. This observation is then re- 
peated on another, different pendulum. The two unknown quan- 
tities are calculated from the two periods. 

Fig. 19 shows the proving-ground fixture for measuring ride and 
roll rates. The car is moved by four push-pull jacks. Loads are 
read on the platform scales and vertical displacements on rules 
at the fenders. The rates determined from the plotted data repre- 
sent the combined effect of the suspension and tires. Tire rates 
are measured separately and can be eliminated. 

Fig. 20 shows the bump rig, as described, with its speed control. 
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Fie. 20 Bump-Ria Test 
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Analysis of Spoked Rings 


By L. H. DONNELL,' H. B. GIBBONS,? anv E. L. SHAW® 


From work carried out at the Goodyear-Zeppelin Cor- 
poration (now Goodyear Aircraft Corporation) the authors 
have derived general solutions for certain ring problems. 
The paper briefly discusses the difficulties in usual 
methods of studying structures with large numbers of re- 
dundancies and discusses simplifications which can be 
made in these methods when the structures are sym- 
metrical. The remainder of the paper discusses the ap- 
plication of trigonometric series to stiffened-ring prob- 
lems. General solutions are derived by using differential 
equations of equilibrium for the case of circular rings 
with continuous radial support, and by using difference 
equations of equilibrium for the case of polygonal rings 
with spokes and loads at the corners. Shear and axial 
strains in the ring and the difference in length of inner and 
outer fibers of the ring are considered. Finally the paper 
shows how complete solutions can be obtained by similar 
methods for the case of spoked and trussed rings under 
loads at the joints. 


HE following discussion applies to rings stiffened by 
"Train spokes, under loads on the ring or at the intersection 
of the spokes, and in the plane of the ring. The spokes are 
assumed to take both tension and compression and to have no 
effective bending stiffness as, for instance, thin wires under suf- 
ficient initial tension to prevent slackening, or hinged-end struts. 
When the ring has appreciable bending stiffness, such a struc- 
ture involves, in general, (n + 3) statically indeterminate un- 
knowns or “redundancies,” where n is the number of spokes. If 


the ring is hinged together at each spoke attachment point, the 


number of redundancies drops to only one, and the problem is 
greatly simplified. There is, therefore, considerable temptation 
to neglect the bending stiffness even if the ring is not hinged. 
The error involved in this depends not only upon the relative 
flexibilities of the ring and the spokes, but also upon the uni- 
formity of the loading. For the case of a concentrated radial 
load, the error may be important (at least locally near the load) 
even for a very flexible ring with relatively heavy spokes. Also, 
since for such rings the initial tension in the spokes must be 
practically uniform around the ring and, to prevent slackness, 
must be determined for the most highly compressed spoke, the 
final error may be much more than just local. 


REDUCING THE NUMBER OF Equations To BE SoLvep 
TANEOUSLY IN UsinG CONVENTIONAL METHODS 


Ring problems can, of course, be analyzed by the usual engi- 
neering methods of studying statically indeterminate systems, 
such as the method of least work (1, 2). The difficulty in using 
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such methods here lies in the large number of linear simultaneous 
equations to be solved, which must in general be the same as the 
number of redundancies, or (n + 3). However, for symmetrical 
structures, the number of equations can be greatly reduced, even 
if the loading to be studied is not symmetrical. 

If the structure is symmetrical about one axis, then any loading 
system can easily be resolved into two component systems, one 
of which is symmetrical and the other antisymmetrical® about the 
same axis (3). The symmetrical system is obtained as one half 
the sum, and the antisymmetrical system as one half the differ- 
ence, of the original loads on opposite sides of the axis of sym- 
metry. Thus in Fig. 1(a) let the original loads at any two sym- 
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metrically opposite points such as p and q be F, and F,. The 
reflection in the axis of symmetry of F, at p is F’,. Adding F’, 
to F,, vectorially and halving, we obtain the load at point p in the 
symmetrical system, Fig. 1(6). Subtracting F’, from F, vee- 
torially and halving gives the load at p in the antisymmetrical 
system, Fig. l(c). This process is carried out for all the loads 
and, if the original loading system was in equilibrium, then each 
of the component systems will be in equilibrium. In practice 
this process can be more easily carried out analytically, by first 
separating all the original loads into components parallel and per- 
pendicular to the axis of symmetry. 

It is now evident that all internal forces on one side of the axis 
of symmetry Fig. 1(6) are equal to, and of the same sign as, 
corresponding forces on the opposite side. An elastic study of 
the structure under this load system therefore involves only about 
one half the number of unknowns and, hence, of equations to be 
solved simultaneously as in the original problem. Similarly, all 
internal forces on one side of the axis, Fig. 1(c), are equal to, 
although of opposite sign from, corresponding forces on the oppo- 
site side, thus approximately halving the number of unknowns for 
this case also. The solution of the original problem is obtained 
by superposing the solutions of the two component cases. In 
this way, the problem of a ring with 36 spokes, say, under any 
type of loading, can be reduced from one of 39 unknown redun- 
dancies to two problems with 19 to 21 unknown redundancies 
each. 

The number of equations which must be solved simultaneously 
can be about halved again if the structure is symmetrical about 
two perpendicular axes (or is a uniform circular or polygonal ring 
with an even number of sides). Having divided the loading into 
two components, symmetrical and antisymmetrical about one of 
the axes, each of these components is again divided, by the same 
process, into two components which are symmetrical and anti- 
symmetrical about the other axis. The original loading is thus 
divided into four components, each being either symmetrical or 


. Defined as symmetrical except that all signs on one side of the 
axis of symmetry are reversed. 
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antisymmetrical about both axes. For each of these four cases 
the internal forces at corresponding points in the four quadrants 
(into which the structure is divided by the two axes of symmetry) 
must be equal in magnitude, with either the same or opposite 
signs. The number of unknown redundancies and, hence, of 
equations to be solved simultaneously for each case is thus only 
about one fourth of the number in the original problem. There- 
fore, a ring with 36 spokes and any loading can be studied as four 
problems, each with 9 to 11 unknown redundancies. 

Thus, for the case shown in Fig. 1, after separating the original 
loads into components, Fig. 1(b) and (c), the loads of Fig. 1(b) are 
divided in the same manner into the components shown in Fig. 
2(a) and (6), while the loads of Fig. 1(c) are divided into the com- 
ponents shown in Fig. 2(c) and (d). Having carried out this 
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process for all the loads, it is evident that, for each component, 
Fig. 2, the internal forces, at corresponding points (such as p, q, 
r, and s) in each quadrant, must be of equal magnitude. If we 
take the internal forces in the lower left-hand quadrant as posi- 
tive, the signs of the forces in the other three quadrants will be as 
shown. 

This process may be continued in the same manner as long as 
axes of symmetry exist halfway between the axes of symmetry 
previously used, each step converting the problem into larger 
numbers of simpler problems. 

The foregoing discussion applies to any symmetrical structures, 
not merely to rings. It is not practicable to develop explicit 
general formulas for the internal forces under any loads by these 
methods of analysis. Setting up the individual equations to be 
solved simultaneously in any particular problem presents no dif- 
ficulties. Formulas for these equations may be found in reference 
(1), while (2) shows a tabular method of solving such equations. 


ANALYsIS BY MEANS OF TRIGONOMETRIC SERIES 


When the ring is uniform and circular and the radial spokes 
are so closely spaced that their action may be considered continu- 
ous, it can be analyzed as a continuous structure, say by differ- 
ential equations of equilibrium (4). Also for the case when 
the ring has uniform regularly spaced discontinuities R. V. 
Southwell has demonstrated that an exact solution may be ob- 
tained with difference equations of equilibrium, using trigono- 
metric series (5). 

With these methods, simultaneous equations are avoided 
(except for a few encountered in developing a general theory) and 
practical formulas can be developed, applicable to any type of 
loading, which give the internal forces explicitly. In the follow- 
ing, such formulas are developed for the case of a circular ring 
with continuous spokes, Equations [6], and for the case of a po- 
lygonal ring with the spokes and loads concentrated at the cor- 
ners, Equations [17]. 

These formulas give the resultant bending moments and shear 
forces in the ring and the resultant axial forces in the ring and the 
spokes. When the ring consists of a deep truss, it may be advis- 
able to study the individual forces in each member of the truss, 
and methods of developing formulas for any type of truss are 
indicated. 

While the formulas so developed are strictly applicable only to 
uniform rings, experiments on rings having variations of 15 to 30 
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per cent in the ring and spoke members indicate that the formulas 
apply with sufficient accuracy for most engineering purposes. 
Average values for the dimensions and physical properties should 
of course be used. 

Trigonometric series are useful in many types of elasticity 
problems® and are particularly convenient in ring problems. [1 
the analyses to be given, continuity conditions are satisfied }\ 
expressing the internal forces in terms of the displacements, using 
Hooke’s law and geometrical considerations. These expression- 
for the internal forces are then substituted in the differential «: 
difference equations of equilibrium. These equations are readil) 
satisfied by expressing both displacements and external loads a- 
trigonometric series, the trigonometric terms dropping out. The 
equations can then be solved simultaneously for the coefficients 
of the displacement series in terms of the coefficients of the ex- 
ternal-load series, and, by substituting these back in the internal 
foree-displacement relations, formulas for the internal forces in 
terms of the external loads are obtained. The same results could 
have been obtained by using energy principles. 

In applying these formulas the harmonic components of the 
loading must be known. These can easily be obtained by stand- 
ard methods of harmonic analysis for the continuous ring. They 
can be obtained approximately by the same method for the dis- 
continuous case. This is not very accurate when nis small. For 
use in this case, exact formulas for unit radial and tangential! 
forees and unit moments at any corner are developed. These 
consist of finite trigonometric series with about n/2 terms. 

It has been customary in such analyses to make simplifying 
assumptions, such as neglecting shear strains in comparison to 
bending strains and, sometimes, neglecting axial strains in the 
ring. Shear strains are particularly important in aeronautical 
construction because of the relatively light shear connections 
used. It has been found practical to consider shear and axial 
strains completely in the following. It was also found practical 
to make a correction for the difference in length of the inner and 
outer circumferential fibers of the ring, due to its curvature. 
This correction is exact for a ring having all its effective area 
divided equally between inner and outer booms or flanges, and is 
a good approximation for any other practical distribution of the 
area. 

Radial strains in the ring itself are neglected, which also make- 
it impossible to distinguish between radial loads applied to the 
inside and to the outside surfaces of the ring. However, the 
much more important effect of the radial location of tangential 
loads is completely considered. Possible discontinuity in the 
transmission of shear in the ring, in case the shear connection i- 
discontinuous, is also neglected. These neglections are ordinarily 
quite unimportant, except for the case of deep-trussed rings, and 
they can be completely eliminated for this case also by the 
methods to be suggested. = * 


TABLE OF SyMBOLS UsED 


n, a = —(n = ©, a = 0 for continuous ring) are the number ov! 
n 


sides, and '/; the angle subtended at the center by a side, 
for a polygonal ring (Fig. 6) 

E, G, R, r, A, Z are properties of the ring. E is the tensile modu- 
lus of the material. The shear modulus G ~ E/2.6. R, , 
A are the radius to the centroid, the radius of gyration, and 
the area of the ring cross section. Z is the effective shea! 
area; in the case of an I-beam, say, Z is the cross-section! 
area of the web; in the general case it is defined as Z = 
Q 20 

Ge Eo 

‘ “Strength of Materials,” S. Timoshenko, D. Van Nostrand 

Company, Inc., New York, N. Y., 1930, p. 417. 
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e, l, aare properties of the spokes, i.e., the modulus of the material, 
the effective lengths, and the total area of all spokes 


R\? 
p= ( - }) is a measure of slenderness of the ring 


y = . ane _ is a measure of the relative shear flexibility of the 
(p — 1)Z 
a If shear strains are neglected y = 0. 

- ljaeR _ & — l)aeR 

x = sin El El for a continuous rin is a 
measure of the relative importance of the spokes in stiffening 
the ring 

AE 


F,T,b6T = radial and tangential components and moments about 
ring centroid of loads at corners of a ring polygon (Fig. 8) 

f, t, bt = radial and tangential components and moments about 
ring centroid of the distributed loads per radian of the center 
angle ¢ (Fig. 5). The moments are labeled 67 or bt because 
they are usually caused by a radial displacement of the 
tangential component, but they may be caused in any way 

P, M,Q,S = internal forces, the axial force, bending moment and 
shear force in the ring, and the axial unit stress in the 
spokes, as shown in Figs. 5 and 8 

¢ = angular coordinate (Fig. 3) 

jl= ¢/(2a), when ¢ is the angle of a corner] is the number of a 
corner of a polygonal ring (Fig. 6) 

w, v, @ = radial and circumferential displacements (at the cen- 
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troid unless otherwise indicated) and the rotation of the 
cross section relative to the centroidal axis due to shear 
(Figs. 3 and 6) 

m=1,2,3.... refer to harmonic components 

o, i, d are used as subscripts to refer to the outer and inner boom 
or diagonal member of the ring. O, J, D indicate tensions 
in the corresponding members 


Crrcucar Wits Continuous 
The forces in the outer and inner ring booms (assumed to be of 


dv 
equal area), Fig. 4, using Hooke’s law and remembering that R 


1 d*w 
represents a rotation about the center, while (3 a wv) is 


a rotation about the ring centroid 


p = le + (R + 

= 
1 
r - do 
R de | 

P = de | 
| 


d*w 
+r dé | 


The internal forces in the ring and spokes are then 


R de 
4 
\ 6 j 
FORCES Ow JOINT j 
n FORCES ON JOINT 
719.6 fia.7 /0 
g g. 7. Fig 
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) 
These expressions for P and M are of course only correct when the 
ring area is composed of two equal parts at a radial distance of 2r 
from each other. However, trial shows the expressions to be 
good approximations for any practical distribution of the ring area. 

The equilibrium conditions of an element, such as shown in 
Fig. 5 are, divided through by d¢, 

dQ 


S = + P- -~—f =0 (radial) 
Qr 


0 (tangential) 


~—QR+ bt =0 (moments) 
dg 
Substituting Equations [2] in Equations [3], we obtain equa- 
tions in w, v, 6, f, t, and b 
dv 1\ de ) 
+ + — + | 
de? dg yJ d¢ | 
—Cf=0 | 
dw d’y R > 
+ ( 1) — + -0—R— +Ct = 0 


dg? dg? 


176 
> 
These equations can be satisfied by letting 
f =f. + UF, cos me + f’, sin mg) | 


| 


t = L(t,, cos me + t’,, sin 
m 

bt = I(b,,t,, cos me + b’,.t’,, sin me) 
m 


with similar expressions for w, v, and 6. There can be no ¢, be- 
cause of the condition for equilibrium of moments on the entire 
ring. If there is a load at the center, where the spokes intersect, 
no attention need be paid to it in the solution. By the terms of 
our analysis its effect is completely cared for by the resulting un- 
balance in the loads on the ring. 

Any loading, if not already harmonic, can be resolved into the 
foregoing harmonic components by the usual method of harmonic 
analysis, and the resulting series converges rapidly in most cases, 
so that only a few terms need be used. The integrations involved 
can easily be performed numerically. Thus, having separated 
the loading into radial and tangential components and moments f, 
t, and bt, any harmonic coefficient such as f,, is found as 2/n times 
the sum of n quantities consisting of f cos mg taken for ¢ = x/n, 

3 - 5 a to (2n — 1) Bs Thus for n = 18, which gives sufficient 
accuracy when the loading does not vary sharply, ¢ = 10 deg, 
30 deg, 50 deg, ....350deg. The term f,is of course the average 
value of f, or 1/n times the sum of values of f at the values of ¢ 
given. 

A symmetrical load of course involves only the symmetrical 
terms f,, f,,, and ¢’,, (the origin of ¢ being taken on the axis of 
symmetry). Similarly an antisymmetrical load involves only the 
antisymmetrical terms f’,, and t,. For such cases, the integra- 
tion need only be carried from 0 to x; f,,, for instance, is 4/n the 
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sum of f cos mg taken for ¢ = 4 3 * to (n — 1) - where n must be 
non 


even. The foregoing rules for numerical integration can be 
applied only to distributed loads. For a concentrated unit radial 

1 
load at ¢ = 0, balanced by a force at the center, f, = rm la =>; 

while f’,, = t, = t’,, = 0. Fora concentrated unit anticlockwise 
tangential load at ¢ = 0 at a radial distance b, balanced by uni- 
formly distributed clockwise tangential forces and a force at the 


1 
center, t,, = 6, = 6, whilef, =f’, = t'», = 0. 


Substituting Equations [5] in Equations [4], we can, for each 
value of m, cancel the trigonometric function and solve simul- 
taneously for w,, for w,,, OF for Om. We thus can 
write complete expressions for w, v, and @. Substituting these in 
Equations [2], we obtain P, M, Q, and S. 

Using the symbol N = (m?— 1)? + x(1 + m?y), this gives 


l m(m? — 1) 

¢ at cos me + NR E mt m SiN 


+ COS me 


1 + m? 

m mN m 
1 1 

f'n + — tm Joos me | + ———~ | t’,, sin me 
m m(p - 


| — l 
+ t,, COs - are 
me | ( —1 N 


b’,,t’, Sin me + b,,t,, COS me 


—— cos me 
1 
+ +- .) sin me + 
m 
cos mg — b,,t,, sin me | 


1 
cos 
m 
x 
+ (; me] (: x) 
m N 


1 
cos mp — b,,t,, Sin ne | \ 
mR 


If 
+ (r. + 4.) sin me | E m COS mp — t,, SIN 


x 
+ mNR E mt’, COS me — b,,t,, Sin ne| 


Q = 


S= 
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PoLyGconaL WitTH SpokEs AND Loaps at CORNERS 


The derivation to be outlined follows in general the methods 
suggested by R. V. Southwell and J. B. B. Owen (5). However, 
the effects of shear strains, of difference in lengths of inner- and 
outer-ring fibers, and of the moments produced by the external 
loads are here considered, and explicit formulas for the displace- 
ments and the internal forces have been derived. 

Since there are assumed to be no forces on a side of the ring 
between two corners, it follows that P and Q are constant over 
each side and M varies linearly. The corners and internal and 
external forces are labeled as shown in Figs. 6 and 8. When the 
external forces at a joint produce a moment, there is, of course, a 
discontinuity in the bending moment. It should be noted, from 
Fig. 8, that for the joint 7, for example, the bending moment at 


¢ = 2ja— is labeled M, + 9 iT and that at ¢ = 2ja+ is labeled 


M b,T;, thereby satisfying moment equilibrium at the joint. 


l 

Since the sides of the ring are straight, they will behave like 
ordinary beams except for the effect of the short lengths r tan @ 
of outer boom and —r tan a of inner boom at each end, as shown 
in Fig. 7, for the left end of a side (the ring area is assumed to be 
divided into two equal parts, although the final results, as before, 
apply closely to any practical distribution). Using Hooke’s law, 
these will produce, at each end, an extra elongation of the beam’s 
centroidal axis of 


; E tan a) (» + + (—r tan a) (»— 
tan aM (7) 
EA 
and an extra counterclockwise rotation of the end, of 
E tan a) ; + x) — (—r tan a) ; ¢ 
EA 


where P and M are the axial force and bending moment at the 
end considered. 

The total elongation of the sides j(j — 1) and (j + 1)j, using 
Equation [7] and Hooke’s law, are therefore 


1 1 
2Rin a+ tana (1, + 9 + M;-1 


1 
= (w; + wj-1) sina 


+ (v; + vj-1) cosa 
[9] 


1 


1 
+ M; — = (wj+1 + w;) sina 


+ (vj+1 — cos 
Using Equation [8] and the principle of area moments, we have 
(see Fig. 9) 


tan a Pj(j-1) , sin? a 
EA 6EAr? 


4j(j-1) = 2R sin a 


1 
bj-1Tj-1 + 2M; + 
tana P(j+1)j , 4R* a 
EA 6EAr? 


= sin a 


1 


From Fig. 9, the change of angle 8. — 8; multiplied by 22 sin a 
is 
— + 2K sin — GG-1)) = 


— 2w,; + wj—1) cos a — (vj4+1 — vj-1) sin a... {11} 


We also have, by Hooke’s law 


S; 


e 


and by the definition of Z and the momental equilibrium of each 
side 


_ 1 
1 1 
M,; + b;T; — Mj-1 + 555-1 
2R si 
sin 
 QG+j ] 
= GZ 
1 1 
Mj+i t+ 5 My + 5 2,7; 


2R sina 


From equilibrium of the joint j (Fig. 8), in the radial and tan- 
gential directions 


S.a 7 ) 
+ + sina — | 
cosa—F;=0 114 
— cos + 41; | 
+ Qjj-1)) sina +7; =6 


We now eliminate all variables except w, v, M, F, T, and b from 
Equations [14] and [11] by using Equations [9] (solved for 
and P(j+1;), [10], [12], and [13]. The resulting three 
equations are 


ae AEsina 
[(wjy +a + 2w; + wj—1) + 


1 
— vj—1) cot a} | 


1 
+ M;~1) + 2M,(sin? a — cos? a) + 3 
(bj+1 Tj +1 — bj-1 


AE cos a 


OR ((wj+1 — + (vj4+1 — 20; + 


b. .. (15) 
cot a] +(: =0 


l 
[(wj+1 + wj—-1) + 2u,(sin? a — cos? 


tan? a 8p sin? a 1 tan? a@ 
( EA 6EA ( EA 
4psinta 1 


1 


(bj+1 Tj+1 — bj-1 =0 


[12]. 
2 
| 
| | | 
| | = 
| 
4 | 
} 
| 
i 
| 
| 
5 
: 
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These equations can be satisfied by letting 
F; = F, + =F,, cos 2mja + =F’,, sin 2mja 
m m 


T. = =T,, cos 2mja + sin 2mja \ [16] 
= 


b,T; = Xb,,T,, cos 2mja + Xb’,,T’,, sin 2mja | 
m m } 

with similar expressions for w;, v;, and M;. In this case also, 7, 

must be zero. Loads at the center can be neglected as before, 

being taken care of by resulting unbalance in the forces on the 

ring. 

If n is large the harmonic components of the load distribution 
can be found as before by harmonic analysis, although this may 
involve considerable error here on account of the discontinuities. 
However, any load distribution can be built up exactly out of 
concentrated radial and tangential loads and moments at each 
corner, balanced by forces at the center or by uniformly dis- 
tributed tangential forces (such balancing forces, of course, cancel 
out in the summation, from equilibrium considerations). 

Exact expressions for unit loads of this type at the corner n, 
Fig. 6 (hence, by transposition at any corner) are obtained as fol- 
lows: Fora unit radial load, balanced by a force at the center, if n 


1 2 
iseven, F, = Favo = -, and F,, from F; to F,x~2 = —; if n is odd, 
n > n 


1 8(s? — c?) 
= — — 2 ——— F,,—-T’ 


sin m(2j + l)a + r.) cos m(2j7 + 


p’—1 xe 
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F, = from to = For a unit counterclockwise 

2 
tangential load at a radial distance b from the centroidal axis, 
balanced by uniformly distributed clockwise tangential forces 
and a force at the center, b,, = 6, 7, = 0 and the values for 
Tn/2 and T,, are the same as for Fy/2 and F,,, as previously 
noted. All harmonic coefficients not mentioned are zero. If 
desired, an expression for a unit moment can be obtained by 
combining two unit tangential forces with different signs and 
values of b. 

Equations [16] apply, of course, to any value of j from 1 to n. 
We can, therefore, substitute 7 + 1 or j — 1 for j in Equations 
{16} and substitute the resulting expressions involving w, v, M, 
F, T, and b into Equations [15]. We now expand trigonometric 
functions of 2m(j + 1)a@ and 2m(j — 1)a into sines or cosines of 
2mja and 2ma (or better ma) by use of well-known trigonometric 
formulas. We then find that, for each value of m, the functions 
of 2mja can be canceled, leaving three equations which we can 
solve simultaneously for w,, M,, for w,,, v’,,, and M,,, or for w’,,, 
v,, and M’,. Putting these in Equations [16], we obtain the 
following complete expressions for w;, v;,M;. Substituting these 
in Equations [9], [12], and [13], we obtain expressions for P, S, 
Q, and @ as well. 

Using the symbols 


s = cotasin ma, c = cosma, p’ = pcos?a 


+ 
3 oS 1 p 1 ) 


we obtain the equations shown at the bottom of this page. 


Ee sin m(2j7 + 1) 


p—1NR 
+ b,,T,,, cos m(2j + | \ 


C is ch 
1-3 T .) sin 2mja 


p(s? — cos? a) — (s? — 


N p—1 


sin 2mja + b,,T,,, cos 2mja |} 
4 
m 8 


= — 
2sina}| p’— 1 

, 

E 


cos 2mja + r.) sin 
8 


p(s? — cos? a) — (s? — 


sNR 


Ee cos 2mja — b,,T,, sin amie |} 


* +24 N | 
yxte | 

| 


r’.) cos 2mja + + ‘r.) 
8 
sin 2mja 


Ee cos 2mja — b,,T',, sin 


1 pF, c(s? — c?) | 
Ot" Seine p’—1 +24 N » 
| 
| 


sin m(2j] + ne | cos m(2j + l)a 


— T,, sin m(2j + +? 


cos m(2j7 + l)a — b,,T,,, sin m(2j7 + 


| 
Ge N = (8? — c*)? + xd 
| 
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For a circular ring with continuous bulkhead a = 0, 2ja = ¢, 
and the loads F = 2af,ete. If these values are put in Equations 
[17], they reduce to Equations [6]. 

Equations [17] and [6] of course apply to rings without spokes, 
for which case x = 0. However, in this case some parts of the 
formulas may be found to be indeterminate for m = 1, and it will 
be necessary to go back to the preceding Equations [4] or [11] 
and [14] to determine their value. 


SPoKED AND TrRussED Rinas, Loaps at Truss Joints 


Although Equations [17] can be applied with fair accuracy to 
deep-trussed rings, such as indicated in Fig. 10, there are, of 
course, errors, particularly due to the discontinuous action of the 
shear members (which are considered continuous in the preceding 
analyses) and to radial strains in the ring itself. An exact solu- 
tion for such cases may be obtained by methods similar to those 
of the preceding analysis. 

Using the case of Fig. 10 as an example, the internal forces in 
all members are expressed in terms of the radial and tangential 
displacements of both inner and outer joints, w,, v,, w,, and »,, 
by using geometrical considerations and Hooke’s law. Thus, the 
forces in the outer-ring member (j + 1)j and the diagonal 7 + 
'/,) are 

EA, 
2R, sina 


= + w,;) Sin @ + 


COS a] 
| 
V (R, — R; cos a)? + R?; sin? a | 


[w,, cos 6 41/2) cos (6 + — sind 


+ sin (6 + a)] 


with similar expressions for the inner ring members and diagonal 
members such as j(j — '/2). 

If these expressions are substituted in equations similar to 
Equations [14], for the radial and tangential equilibrium of both 
inner and outer joints, we obtain four equations in w,, v,, w;, ¥; 
and the external loads F,, T,, F,;, T;. These equations can be 
satisfied by expressing all these variables as series such as those 
in Equations [16]. 

Expressing all trigonometric functions involving j in terms of 
functions of 2mja and ma, we then find that, for each value of m, 
the trigonometric functions of 2mja can be canceled, leaving four 
equations which can be solved simultaneously for w,,,, 0’omy Wim» 
v'sm, ete. We can thus obtain complete expressions for w,, v,, 
w,, v¥;, and, using these in expressions such as Equations [18], we 
can obtain expressions for the internal forces also. 
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Equiareal Pattern of Stress Trajectories 
in Plane Plastic Strain 


By MICHAEL A. SADOWSKY,? CHICAGO, ILL. 


In theoretical plasticity, all work so far done has made 
use of slip lines as a frame of reference. In the present 
paper, stress trajectories are used instead, and results of 
theoretical interest and practical applicability are ob- 
tained. The equiareal property of stress trajectories as 
derived in the present paper can be readily used to evaluate 
photographs of slip lines in plasticity with a higher degree 
of accuracy and reliability than hitherto. The analytical 
method can be applied to the equiareal pattern formed by 
stress trajectories and formulas for stresses are obtained. 
An example referring to radial flow adequately illustrates 
the general equiareal property. 


GEOMETRIC PRELIMINARIES 


Orthogonal Equiareal Patterns. Fig. 1 shows an orthogonal 
equiareal pattern. It is composed of curvilinear rectangles of 
finite size. All rectangles are equal in area. The sides of the 
rectangles, considered as parametric curves, give rise to an or- 
thogonal curvilinear system of coordinates u, v. The pattern of 
a chessboard gives the simplest example of this kind, the corre- 
sponding system of coordinates being the Cartesian. 

An Arbitrary Orthogonal System “‘u,” “v’’ Is Not Equiareal. 
Fig. 2 shows a system of orthogonal parametric curves whose den- 
sity of distribution may be increased arbitrarily by inserting 
intermediate curves. Any attempt to pick out selected curves to 
form an equiareal pattern is bound to fail. Fig. 3 shows such an 
attempt based on the parametric curves of Fig. 2. The para- 
metric rectangle ABDC has been chosen arbitrarily. The para- 
metric segments AB, BD, CD, and AC have been extended along 
the respective parametric curves. The two strips so formed have 
been subdivided equiareally by transverse parametric segments. 
Each segment has been chosen at such a place as to make the 
rectangles within either strip (white and shaded, alternately) 
equal in area. After this, all parts shown by heavy lines in Fig. 
3 are completed and the procedure becomes compulsory. Ex- 
tending the heavy segments according to the system of parametric 
curves in Fig. 2, we obtain the light lines in Fig. 3, which defi- 
nitely do not form an equiareal pattern. Thus, an arbitrary 
orthogonal system u, v is not equiareal. 

Equiareal Orthogonal Coordinates. If the system of parametric 
curves in Fig. 2 were Cartesian, polar, or of logospiral coordinates, 
Fig. 3 would have come out an equiareal pattern. Fig. 4 shows 
a system of parametric curves in logospiral coordinates. The 
selection of curves shown has been intentionally made such as to 
have rectangles all different in area. A visual comparison of the 


1 The present paper is a part of a manuscript on plasticity by George 
E. Hay, University of Michigan, and Michael A. Sadowsky, Illinois 
Institute of Technology. 
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rectangles in the opposite upper and lower corners of Fig. 4 shows 
this immediately. But a procedure of selecting an appropriate 
sequence of parametric curves as based on the principle shown in 
Fig. 3 would automatically give rise to the equiareal pattern shown 
in Fig. 1. There is an infinite number of other orthogonal curvi- 
linear systems u, v whose parametric curves, if selected as shown 
by the heavy lines in Fig. 3, would make the entire Fig. 3 (includ- 
ing light lines) an equiareal pattern. Let us call such orthogonal 
curvilinear coordinates u, v equiareal coordinates. Thus, in a sys- 
tem of equiareal coordinates it is possible to start with an arbi- 
trary parametric rectangle and make it a mesh of an equiareal 
pattern which would surround it all ways around. 


EQUIAREAL PATTERNS AND PLANE PLasTIc STRAIN 


Principal Result. In plane plastic strain, the stress trajectories 
are parametric curves of an eguiareal system of coordinates. 
Conversely, any orthogonal equiareal system of curves can be 
interpreted as the system of stress trajectories in a corresponding 
case of plane plastic strain. Essentially, there is a one-to-one 
correspondence between orthogonal equiareal coordinates and 
plane plastic strain. Furthermore, using analytical methods, « 
complete picture of the stress distribution can be derived from 
the geometric picture of stress trajectories. 

Applications. The practical value of the foregoing is seen in 
the help given by the equiareal property in drawing the complete 
system of stress trajectories and then evaluating the stresses 
geometrically. Slip lines can often be photographed, in which 
case the stress trajectories can be indicated by elements intersect- 
ing the slip lines at angles of +45 deg. Proceeding according to 
Fig. 3, we are bound to arrive at an equiareal pattern such as 
Fig. 1 in a compulsory geometric way. Thus, experimental 
observations can now be evaluated and integrated with a much 
higher degree of accuracy and reliability. 


MATHEMATICAL ANALYSIS 


Differential Geometry of Orthogonal Coordinates. Let x, y be a 
Cartesian system of reference, and u, v an orthogonal curvilinear 
system. The curvilinear system is defined specifically by two 
equations giving 2, y in terms of u, v 

z=2(u, v), y = y(u, v) 


The orthogonality of the system u, v is expressed by 


Or Ox 
Ou 


in which F stands for F = 


The linear element ds is determined by 
ds? = Edu* + Gdv* 
in which £ and G are given by 
= (% 


\* 
(=) (2!) 


The element of area dS is given by 
while a finite area S is found by integration as 
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S= Sf S WEG dudv............... [7] 


Equations of Equilibrium in Orthogonal Curvilinear Coordinates. 
The equations of equilibrium in orthogonal curvilinear coordi- 
nates are 

ologG 1 O(Ery,) 
ou ou 2 V/ EG ov | 
+VE-F, =0 | 
oo, Cu — % ] 
ov ov 2 


[8] 


VEG 


+~V¥G-F,=0 


in which o,, o,, T,, are components of stress referred to the sys- 
tem u, v, and F,, F, are the projections of the body force (if any) 
upon the local directions of u and »v. 

Application to Plasticity: Solution for Stresses Referred to Stress 
Trajectories. Considering plane plastic strain (= plane plastic 
flow) with no body force acting (F, = 0, F, = 0) and choosing the 
stress trajectories as parametric u, v-curves, we have 


in which k is the constant of plasticity (value of maximum shear- 
ing stress in plane plastic strain), and 


Fie. 3 


Fia, 4 


Oe 
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e« = 1, if the first principal stress lies in the direction of u (11 
« = —l, if the first principal stress lies in the direction of v 


Substituting Eqs. [9] and [10] in Eqs. [8], we obtain the equations 
of equilibrium in plasticity 


oa o log G 
k 
ou ou 
log 


Since ek is constant, these equations may be immediately inte- 
grated, giving 


o, + ek log G 
o, — ek log E 


ekf(v) + ek 


in which f(v) and g(u) stand for arbitrary functions of v only and 
of u only. The peculiar choice of the arbitrary elements in the 
right-hand members of Eqs. [13] will be justified by the simpli- 
fications which we obtain when we subtract Eqs. [13] from each 
other and use Eq. [10] to eliminate ¢, —o,. The result is 


log EG = g(u) + {14} 


Accordingly, g(u) and f(v) are obtained by computing log EG 
and separating parts depending on u only and onvonly. Accord- 
ing to the trivial identity 


g(u) + f(v) = [g(u) + C) + —C]........ {15} 


a constant C, but no term more general than a constant, may 
be freely exchanged between g(u) and f(v) within the limitations 
of the sum g(u) + f(v). Hence 


g(u) = [part of log EG depending on u only] — C [16] 
f(v) = [part of log EG depending on v only] + C { *° 


and thus by Eqs. [13], 


o, = ek[(v-part of log EG) — log G + C + 1] 17) 
o, = ek[—(u-part of log EG) + log E+ C—1) f° 


Eqs. [9], [11], and [17] reduce plane plastic strain to differential 
geometry. 

The Equiareal Property of Stress Trajectories. Equation [14] is 
of purely geometric nature. Its intrinsic significance can be re- 
vealed as follows: Solving for EG, we have after a square-root 
extraction 


VEG = cht) AM [18] 
Introducing new parameters U, V as defined by 


dV 
V =V(v), 


we see first that the parametric curves U = const and V = const 
still are the stress trajectories, since U(u) = const implies u = 
const, and V(v) = const implies » = const. Computing the 
element of area dS by Eq. [6] in terms of the new parameters 
U, V we obtain 


dS = V EG dudv = dUdV............ [20] 


whence, for a finite area S, Fig. 5, as bounded by two pairs of 
stress trajectories U = U;, U = U; and V = Vi, V = V2 we ob- 
tain by Eq. [7]. 
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U-CURVE, 
V=Vo 


U-CURVE, 
VeV; 
V-CURVE, 


giving 
S = (Us — Ui)-(Va — Vi)... (21] 


Consequently, if we draw a system of “equidistant” stress trajec- 


tories as given by 
U=0, 2h, 3h, ....mh.... (22) 
Gy... 


V =0, ha, 
we obtain a pattern formed by stress trajectories consisting of 
finite curvilinear rectangles all equal in area, h,h, being the com- 
mon value of the area of each rectangle. Such an equiareal pat- 
tern was shown in Fig. 1. 


EXAMPLE 


As an illustration showing the equiareal property of stress 
trajectories, we may consider plane radial flow such as observed 
in thick-walled tubes under critical internal pressure. The stress 
trajectories are rays and concentric circles. Fig. 6 shows a selec- 
tion of trajectories giving rise to an equiareal pattern. Consecu- 
tive rays are given by 


@6=0, a, 2a, 3a,. 


consecutive circles are given by 


ravi, V2, V3, V4, V5........ 


V-CURVE, 
U=Up 
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High-Speed Tension Tests at Elevated 
Temperatures—Parts ITI and III 


By A. NADAI' ann M. J. MANJOINE,? EAST PITTSBURGH, PA. 


The authors discuss the results of an investigation on 
the resistance to plastic forming of several metals over a 
wide range of rates of deformation at various tempera- 
tures. To carry out the tests, two machines were built: 
One, a high-speed testing machine, was described in Part | 
of this report; the other, a constant-strain-rate machine, 


is dealt with in this presentation. The general trend of 


the test results for aluminum and copper indicates a con- 
tinuous increase of the yield stresses with the strain rate. 
The speed relation for pure iron and the iron alloys seems 
to be much more complicated. The resistance to de- 
formation at a given speed of straining exhibits a mini- 
mum and a maximum at certain temperatures. This 
maximum, known as “blue brittleness,” shifts to higher 
temperatures with increasing speeds of straining; it ap- 
pears at 200 C for short-time tension speeds and shifts to 
550 C for the high speeds. In the high-speed tests a local 
temperature rise of 50 C, due to the conversion of the work 
of deformation into heat, was observed in a specimen of 
pure iron. At very rapid rates of deformation remarkably 
high ultimate stresses were found for aluminum and cop- 
per when tested at temperatures approaching their melt- 
ing points. A theory for the necking of a bar, based on the 
speed law, predicts the observed shapes of broken bars 
which were drawn down toa point. Observation data are 
furnished for an evaluation of the forces required for very 
rapid plastic forming of the metals at high temperatures, 
particularly through rolling. 


PART II—EXPERIMENTS 


INTRODUCTION 


HE plastic properties of steel are probably utilized in almost 

a perfect manner in the continuous strip mills, in which nar- 

row or wide sheets are rolled cold or hot at high velocities. 
The continuous mill is one of the most recent and outstanding 
developments in the rapid forming and mass production of steel. 
Although the electric power required for driving the rolls in the 
heavy stands has been measured frequently and information con- 
cerning the power requirements has been obtained through the 
experiences from operating these large mills under different rolling 
conditions, if the question is asked, how much force is required 
for the pure plastic forming of steel at a given temperature and 
rolling speed, a definite reply can seldom be obtained. In 1937, 
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by A. N&dai and M. J. Manjoine, Proceedings A.S.T.M., vol. 40, 
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plans for a general survey of plastic deformation at extremely 
high and at intermediate rates of straining for some of the ductile 
metals were submitted to the Engineering Foundation in New 
York and to two industrial concerns.* 

At the inception of the work, one possibility which was con- 
sidered was to run rolling tests on a small-scale model of a mill. 
This plan was soon abandoned in favor of making tension tests. 
Since the mean pressure in a plastic state of stress is of secondary 
importance and the shearing stresses, unit shears, and rates of 
shearing are the essential quantities determining the conditions of 
yielding of a metal, it was assumed that the fundamental relation 
connecting these quantities at high rates of deformation and at 
elevated temperature should be studied under a simple state of 
stress rather than under the conditions of rolling. In this con- 
nection, it should be mentioned that the tendency in the operation 
of continuous mills clearly points toward running them with in- 
creasing tension forces which are applied in the direction of rolling 
and under the presence of which the heavy rolling pressures which 
were formerly needed can be reduced substantially. This was a 
second important reason for investigating the conditions of flow 
in direct tension, notwithstanding the impossibility of reproduc- 
ing the effects of the surface friction of the rolls in this type of 
test. 

Two machines were built for making the tension tests, one at 
the rapid, the other at the slow and intermediate rates of stretch- 
ing. Since the high-speed tension machine was described in 
Part I of this report,? only a brief description of it will be given 
here. In Part II, the test results obtained by means of both 
machines are reported for copper, aluminum, mild steel, pure 
iron, and stainless steel. The results are represented in curve 
sheets for each of these five metals. In Part III of the present 
report, the theory of the tension test will be discussed, with par- 
ticular reference to the speed of deformation, i.e., the influence 
which various speed laws, after being compared with each other, 
exert on the shape of the stress-strain curves. The necking of 
bars under these conditions is also considered. 

It has been pointed out elsewhere’ that, under the fast rolling 
velocities which are used at present, the mean rates of stretching 
of a sheet in the direction of rolling perhaps attain strain rates of 
the order of from 100 to 400 per sec. In the high-speed tension 
machine, stress-strain curves were recorded at more than twice 
this upper velocity. The maximum rate which was observed was 
1000 per sec (= 100 per cent stretch in 0.001 sec), while the speed 
range in the tests made in the second constant-strain-rate ma- 
chine reached the slow rates of the order of 10~* per sec (equiva- 
lent to 1 per cent stretch in 10,000 see = 2 hr 47 min). The 
entire range of strain rates which was investigated covered a 
variation | to 10° or one to one billion in the velocities which were 
applied. 

Tension MAcHINES AND SPECIMENS USED 


Fig. 1 shows two views of the high-speed machine. The speci- 


‘This research was sponsored by the A.S.M.E. Research Com- 
mittee on Rolling of Steel and carried out under grants received from 
the Engineering Foundation and with the substantial assistance 
of the United Engineering and Foundry Company, Pittsburgh, Pa.., 
and of the Westinghouse Research Labora.ories, East Pittsburgh, Pa., 
where tests were made. 
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Fic. 1 HiGH-Sprep TEensILE Macuine 


men c is placed in series with the force-measuring bar a, which is 
supported in the upper head k. To the lower end of the specimen 
an anvil d is attached. The specimen is pulled when the two 
hammers f strike the anvil. The hammers rotate on the fly- 


wheel g and are released by the trigger h. The strain rate is j 
varied from 100 to 1000 per sec by changing the speed of rotation : 
of the flywheel. Stress (load) and strain are recorded by means : 
of two photoelectric cells O and S, operated by the elastic exten- i 
sion of the force-measuring bar a and by the motion of the lower } 
head at anvil d, respectively. The two quantities are recorded at i 
right angles on the screen of a cathode-ray oscillograph, from : 
which the stress-strain curve is photographed. The specimen F 
is heated by the induction furnace e. 
; The constant-strain-rate machine used for the slower speed § 
tests is shown in Figs. 2 and 3. In this machine, the upper head Hi 
of the specimen is held stationary and the lower head is moved Fig. 2.) View or Constant-Stratn-RATE TestinG MACHINE j 
| 
| 
| 
= 

Fie. Constant-Strain-Rate MAcHINE FOR Rapip TENSION TESTS 
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downward with a constant velocity. The pulling is accomplished 
through the vertical screw A (Fig. 3), and a driven nut B, the 
screw being turned at a constant speed by a d-c motor C, through 
exchangeable speed reducers D. The head velocity can be varied 


a Mild steel at room temperature; strain rate, 300 per sec 


c Copper at room temperature; strain rate, 135 per sec 


e Aluminum at room temperature; strain rate, 1000 per sec 


from 0.68 in. per sec to 4.7 X 10~7 in. per sec or 1.7 in. per 1000 
hr. The force with which the specimen resists deformation is 
measured by the deflection of a stiff elastic member EF placed in 
series with the specimen and the upper head F. The elastic de- 


b Mild steel at 700 C; strain rate, 300 per sec 


d Pure iron at 1000 C; strain rate, 800 per sec 


f Aluminum at 600 C; strain rate, 1000 per sec 


Fie. 4 oF Some HicH-Speep Srress-Strain Curves 


f 
: 
{ 
4 
{ 
} 
4 
~ 
f 
{ 
3 
d | 
| 
: of “ 
| 


A-80 JOURNAL OF APPLIED MECHANICS 


TABLE 1 MATERIALS AND HEAT-TREATMENT 


Annealing Annealing 
Material Grade treatment atmosphere 
Pure irone Wemco research iron, 2hrat 700C Vacuum 


99.95 per cent Fe 


Aluminum Commercial pure, 2S 2 hr at 400 C Vacuum 
Mild steel Commercial low-carbon 1 hr at 920 C Dissociated 
Stainless stee ‘ommercial 18 per cent issociat 
Cr-8 per cent Ni 1 hr at 1100 C ammonia 


« Pure iron furnished by Dr. T. D. Yensen, Westinghouse Research 
Laboratories. 
flection is mechanically amplified by a lever arm G, which auto- 
matically traces a record on the drum H. The drum is rotated 
by the elongation of the specimen through a string drive 7. The 
force-elongation diagram, together with timing marks, recorded 
by an electric timer J, are scribed on waxed paper wrapped around 
the drum H. To heat the specimen, a resistance furnace K, was 
available through which purified nitrogen could be blown. A 
water-cooled plate prevented the heat of the furnace from reach- 
ing the force-measuring device. The latter was calibrated by 
means of dead weights. 

The specimens were machined from 3/s-in. rods to a shape 
shown in Fig. 5 of Part I of this report. They had a gage length 
of 1 in. and a diameter of 0.2 in. They were annealed after ma- 
chining. The grades of materials used are given in Table 1. 


Test RESULTS 


Some observations will now be given relating to the shapes of 
the high-speed stress-strain curves. In Fig. 4, six original test 
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Fic. 5 Srress-Strain Curves FoR MILp STEEL at ELEVATED 
TEMPERATURES AND HIGH SPEEDS 


records, obtained on the high-speed te ision machine and selected 
at random, are shown. The grid on the photographs has 0.1-in. 
divisions. The large spot marks the origin of the scales for the 
load and the elongation. In some of these and in other dia- 
grams, shown in Fig. 5, superimposed waves appear which are 
due to the elastic vibrations of the force-measuring system. 
These oscillations had a frequency of about 11,000 cycles per sec 
and became more disturbing at the higher velocities of straining 
of the order of 1000 per sec. In the diagrams for mild steel, taken 
at 200 C, a pronounced damping of these oscillations can be seen. 
Damping increased at the higher temperatures so that the waves 
frequently were damped out with the first oscillation. 

The effect of increasing temperatures on the shape of the stress- 
strain curves can be seen in Fig. 5, consisting of retraced diagrams 
for mild steel taken at the strain rates of u = 200 per sec for 200, 
400, and 600 C; at u = 350 per sec for 800 and 1200 C, and at u 
= 600 per sec for 1000C. In Fig. 5, it will be noted that the shape 
of the tensile diagrams does not change until 600 C is reached. 
At the higher temperatures, the maximum of the load occurs at a 
smaller strain. 


Diagrams for mild steel, recorded at 200 C and at much slower 
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rates on the constant-strain-rate machine, are reproduced in Fig. 
6. A yield point is indicated on each of these four diagrams. 


ULT. STRESS 
$5000 LB,/SQ. IN. 
STRAIN RATE 

IN/IN/SEC. 


ULT. STRESS 
66,400 LB./SQ. IN. 
STRAIN RATE 


2.05 X 1072 INAIN AEC. 


ULT. STRESS 
70,000 LB/SQ. IN. 


STRAIN RATE 
8.55 x 10-4 IN, AN,/SEC. 


Fic. 6 Errecr or Strain Rate on Stress-STRAIN DriaGRAMS OF 
MILD STEEL aT 200 C 
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1000°C 
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2630 IN. 
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hia. 7 Errecr or TEMPERATURE ON STRESS-STRAIN DIAGRAMS OF 
Pure Copper at A Constant Strain Rate or 0.51 per Sec 
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ALUMINUM 
ROOM TEMP ROOM TEMP 
3.4 X 10°5 PER SEC. PER SEC. 
‘600°C 600°C | 
8.5 X 10-4 PER SEC. 1000 PER SEC. 
TEMP ROOM TEMP. 
8.5 X 10-4 PER SEC. 850 PER SEC. 
600°C 


34X PER SEC. 1000 PER SEC. , 
1000°C I2Z00°C 


8.5 X 10-4 PER SEC. | 850 PER SEC. 
STAINLESS STEEL. 
ROOM TEMP | ROOM TEMP 
3.4 X 10-5 PER SEC. | 684 PER SEC. 
000°C i200°C 


8.5 X |O-4 PER SEC. PER SEC. 


Fie. 8 SpecimMENS FRACTURED AT VARIOUS TEMPERATURES AND STRAIN RATES 
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The strain rate of 8.5 X 10~‘ per sec appears to be a critical one 
because at this rate the steel yielded discontinuously over a wide 
range of the strains. Near the load maximum, the curves show a 
number cf small waves which are due to discontinuities in the 
yielding. It is believed that an aging process was responsible for 
these regular small oscillations superposed on the diagram at this 
particular speed of stretching. These records indicate that, al- 
though the yield-point stresses increased with the rates of strain, 
the ultimate stresses decreased. An explanation for this be- 
havior of a ferrous metal will be given. 

In Fig. 7, additional stress-strain curves are shown for pure 
copper (strain rate wu = 0.51 per sec) at various temperatures, 
illustrating the change of the shape of these diagrams with in- 
creasing temperature. It is characteristic for the higher tem- 
peratures that the load drops off quite gradually with the in- 
creasing strain. At the same time the specimens start to neck 
down to a point. These diagrams may suffice as examples of the 
curves obtained, since it is impractical to reproduce more of them. 
Some typical shapes of the broken ends of the specimens from 
tests, covering the range of speeds from the slowest to the fastest, 
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are shown in Fig. 8. With the exception of the aluminum sample, 
which was tested at u = 8.5 X 10-4 and at 600 C (it had a diame- 
ter of 0.3 in. and a gage length of 1 in.), all bars had a diameter 
of 0.2 in. over a gage length of lin. In some of the rapid tests, 
double necking was noticed in the gage length, probably a conse- 
quence of the longitudinal oscillations. 


EFFECT OF STRAIN RATE ON STRESS 


From the recorded stress-strain diagrams, curves were con- 
structed in which the effect of the speed of deformation is repre- 
sented for each of the metals investigated. In these curves the 
strain rates u = de/dt are plotted as abscissas. 

Fig. 9 indicates the increase of the ultimate strength with the 
strain rate at room temperature and at 200, 400, 600, 800, 900, 
and 1000 C for commercially pure copper over the wide range of 
the rates beginning with 8.5 X 10-7 and up to u = 900 per sec. 
The increase is the smallest at room temperature (about 2000 
lb/in.? in yield strength for a tenfold increase of the rate of 
stretching). With increasing temperatures, the slopes of these 
curves on the semilogarithmic plots increase. It is remarkable 
how great the influence of the speed at 1000 C, which is only 83 
C below the melting point of copper, becomes at the higher rates. 
For example, the resistance to plastic deformation of copper 
increases at this high temperature by 40 per cent when it is 
stretched 10 times faster (for the increase in speed from u = 100 
to u = 1000 per sec). In Fig. 10 these curves are reproduced for 
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the true stress corresponding to the load maximum. The curves 
o = f(log u) appear flatter in this second plot. We note also that 
anomalous changes do not appear in the trend of the curves for 
copper. 

Aluminum, Fig. 11, shows a similar normal behavior at the 
various temperatures which were investigated (25, 200, 400, and 
600 C). The dependence of the ultimate stress on the tempera- 
ture at three different rates of strain is plotted in Fig. 12 for both 
copper and aluminum. In the upper curves we note again the 
large resistance of these metals to very rapid deformation near 
their respective melting points. Copper, for example, flows 
under the very rapid rate of strain of 1000 per sec, under a stress 
of ¢ = 13,000 Ib/in.? at 1000 C, which is one third of the stress, 
o = 40,000 lb/in.?, at which it flows at room temperature. 
Similar conditions are true for aluminum at 600 C. 
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In Fig. 12, some test results reported by other observers were 
included for comparative purposes. The rates of straining for 
these tests were not known and were estimated according to 
ordinary testing speeds to about 2 X 10~* per sec. The points 
marked X are taken from tests by W. H. Bassett® for electrolytic 
copper; those marked by Y are short-time tests reported by 


, 5 Discussion of reference (6), by W. H. Bassett, Symposium on 
Effect of Temperature on the Properties of Metals, A.S.M.E.- 
A.S.T.M., 1931, pp. 351-360. 


Price® for hard electrolytic copper after a certain preheating, and 
those marked + are aluminum tests reported by Templin and 
Paul.?. Open points on the curves represent extrapolations from 
Figs. 9 and 10; solid points refer to values actually observed. 

The effect of strain rate on the ultimate stress of mild steel is 
shown in Fig. 13, for a wide range of temperatures and of rates of 
strain. At temperatures of 600 C and above, the stress-speed 
curves are normal, i.e., they are similar in shape to the curves for 
pure copper and aluminum, Figs. 9 and 11. Below 600 C the 
curves appear to be abnormal, but a closer examination reveals 
that they follow a definite scheme; this may be clearly seen if the 
ultimate strength is plotted against temperature at several con- 
stant strain rates, Fig. 14. As the strain rate is increased, the 
stress-temperature curve shifts to a higher temperature, the 
shape remaining very much the same. Each of the three curves 
shows a pronounced maximum and minimum of the ultimate 
stress o,,. These maxima must be associated with the phe- 
nomenon of steel which is known as “blue brittleness.” At 
ordinary testing speeds, it is known that mild steel shows an 
increase in ultimate strength with increasing temperatures. The 
maximum of the strength is usually found near 200 to 250 C. 
The three curves in Fig. 14 indicate clearly that the temperature 
at which this maximum of stress occurs is higher for faster strain 
rates. Thus, at the very fast rates of 600 per sec, the maximum 
of stress appears near 500 C. This shifting of the maximum of 
the ultimate strength to higher temperatures at the higher testing 
speeds accounts for the anomalous behavior of the curves in 
Fig. 13.8 Other observations substantiating this can be quoted 
from the literature on the temperature dependence of the various 
strength properties of steels. Mititosi Itihari reports’ a shift of 
the maximum strength observed in his impact-torsion tests to- 
ward a higher temperature when the speed of twisting was in- 
creased. He advances a theory for this shift based on metal- 
lurgical considerations. R.H. Greaves and J. A. Jones found!® 
that the load maximum is raised and occurs at higher tempera- 
tures when the straining rate is increased. H. J. Tapsell and 
W. J. Clenshaw found" that the impact-hardness curve possesses a 
hump at 600 C, while the static Brinell hardness has its maximum 
at 200 C.F. Robin observed"? in impact crushing tests that the 
“blue brittleness” occurred around 480 C for all carbon steels 
which he tested. 

The solid points in Fig. 14 are actual test points, whereas, the 
open points are extrapolated. Points designated by crosses were 
taken from a report’ by a joint A.S.M.E.-A.S.T.M. Research 


®**Properties of Copper and Some of Its Important Industrial 
Alloys at Elevated Temperature,’”’ by W. B. Price, Symposium on 
Effect of Temperature on Properties of Metals, A.S.M.E.-A.S.T.M.., 
June, 1931, pp. 340-350. 

7 “The Mechanical Properties of Aluminum and Magnesium Alloys 
at Elevated Temperatures,” by R. L. Templin and D. A. Paul, Sym- 
posium on Effect of Temperature on the Properties of Metals, 
A.S.M.E.-A.S.T.M., June, 1931, pp. 290-313... 

8’ The dashed portions of the curves in Fig. 13 were drawn by using 
cross plots of Fig. 14. 

*“‘Impact Torsion Tests,” by Mititosi Itihari, Tohoku Imperial 
University, Technology Reports, vol. 11, pp. 16-50, 489-581; vol. 
12, pp. 63-118; reviewed also in Metallurgist, vol. 10, 1935-1936, 
June, 1936, pp. 141-143. 

10 “The Effect of Temperature on the Behavior of Iron and Steel 
in the Notched Bar Impact Test,” by R. H. Greaves and J. A. Jones, 
Journal of the Iron and Steel Institute, vol. 112, 1925, pp. 123-162. 

11 “Results of Hardness Tests on Armco Iron,’”’ by H. J. Tapsell 
and W. J. Clenshaw; ‘‘The Metal-Iron,’’ Alloys of Iron Research, 
Monograph Series, McGraw-Hill Book Company, Inc., New York, 
N. Y., 1935, p. 376. 

12 According to: French and Tucker, “On Iron and Steels,” 
Symposium on the Effect of Temperature Upon the Properties of 
Metals, May 29, 1924. Crushing tests, page 67. 

13 “Compilation of Available High Temperature Creep Character- 
istics of Metals and Alloys,” A.S.M.E.-A.S.T.M. Joint Research Com- 
mittee on Effect of Temperature on Properties of Metals, 1938, p. 22. 
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Committee; points marked X from work" by Kanter and Spring; 
points marked Y from Itihari’s tests® in torsion. The points 
marked Y in Fig. 14 were plotted by taking the ratio of the torque 
at fracture in a torsion test, made at a lower temperature, to the 
corresponding torque at room temperature and by multiplying 
this ratio by the ultimate stress at room temperature in a short- 
time tension test. Although these few points were derived by 
means of a crude approximation, they seem to be consistent with 
the results of our tests and with those by other investigators. '® 
The results of tests made with pure iron are shown in Figs. 15 
and 16. These curves show a similarity to the curves for mild 
steel. If the strain rate is reduced, the maximum shifts to 
lower temperatures and may approach room temperature. This 
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results in an increase of stress, as the strain rate is decreased to 
these very low strain rates of 9.5 < 1077 per sec. This fact was 
also noticed by H. Quinney."* The points which are marked 

Committee Report, Proceedings of the American Society for 
Testing Materials, vol. 32, 1932, part I, pp. 148-192. 

18 “Experiments Relating to the Effect on Mechanical and Other 
Properties of Iron and Its Alloys Produced by Liquid Air Tempera- 
tures,” by R. A. Hadfield, Journal of the Iron and Steel Institute, 
vol. 67, 1905, pp. 147-219. 

16 “Time Effect in Testing Metals,’ by H. Quinney, The Engineer, 
vol. 157, 1934, pp. 332-334 and vol. 161, 1936, pp. 669-673. He 
found that the ultimate stress of Yorkshire iron decreased as the 
strain rate was decreased except for the very slow rates which showed 
a large increase of the ultimate stress. 
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(Left: Ultimate strain versus log strain rate for stainless steel. Right: 
True stress at 10 per cent strain for stainless steel.) 
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in Fig. 16 refer to tests made by A. Sauveur on electrolytic iron.” 

The test results for stainless steel are shown in Figs. 17 and 18. 
Because of the great amount of strain hardening found in this 
material, the ultimate strength at the lower temperature became 
dependent upon the total strain rather than upon the strain rate. 
To eliminate this effect, the true stresses at 10 per cent strain 
were plotted against the logarithms of strain rates. The points 
marked X in Fig. 18 were taken from the work'* on creep data. 

The total elongations, corresponding to the tests shown in 
Figs. 12, 14, 16, and 18, are shown in Fig. 19. At the slower 
strain rates, the elongation of copper decreased as the tempera- 
ture increased up to 600 C. This decrease accompanied an 
embrittlement of the copper both in atmospheres of air and 
nitrogen. The embrittlement occurred only at the low strain 
rates. Preheating the copper the same as at the low strain rates 
but testing with a rapid rate did not produce any signs of this 
embrittlement. This would indicate that the embrittlement is 
accelerated by stress and temperature but requires some time to 
cause failure. At a high temperature (600 C) and stress this time 
is only 3 min. 

The elongations of mild steel and pure iron show a minimum 
which accompanies the “‘blue-brittleness’’ phenomena and shifts 
similarly as the ultimate strengths. The elongation curve for 
stainless steel follows the ultimate-strength curves of Fig. 18 very 
closely below 600 C. The hump in the elongation versus tem- 
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perature curve shifts to a higher temperature with increasing 
strain rate. 


TEMPERATURE Rise DurinG H1GH-SpeEeD 


In a plastic tension test, the energy to elongate the specimen 
appears as heat which is conducted away and dissipated to the 
surrounding air. However, if the specimen is deformed quickly, 
this heat is not conducted away until a short time has elapsed, 
therefore, the heat causes a temperature rise in the deformed sec- 
tion. To determine the magnitude of this temperature rise 
Within the gage length, a series of tests was made with pure iron, 
on the high-speed tensile machine. The temperature rise was 
measured by a string galvanometer through a thermocouple 
welded at the gage length. A calibrated chromel-alumel couple 
was used. By making several tests, the temperature rise at 
various distances from the minimum cross section of the bar 
could be determined. The time to break the specimen was less 
“Steel at Elevated Temperatures,” by A. Sauveur, Trans 
American Society for Steel Treating, vol. 17, 1930, pp. 410-448. 


than 0.002 see. The results of these tests appear in Fig. 20. 
It may be observed that the temperature at the minimum cross 
section rises to a very high value immediately after the specimen 
is stretched and then drops rapidly as the heat is conducted 
away. The average temperature rise of the test section, com- 
puted from the energy absorbed during fracture, is 25 C. Thus, 
the temperature at the fracture, curve 1, rises to double the aver- 
age value and decreases rapidly. The temperature rise at 0.15 in. 
from the minimum cross section, curve 2, is about equal to the 
average value and decreases with time but more slowly than ac- 
cording to curve 1. At 0.6 in. from the fractured section, the 
temperature rise is less than one half the average value but re- 
mains constant for more than 5 sec before it slowly decreases. 
Therefore, it must be concluded that, in a rapid tensile test, the 
temperature of the test section must rise considerably during the 
test. 


PART III--CONCERNING THE THEORY OF THE TENSION 
TEST AND THE NECKING OF BARS 


INFLUENCE OF STRAIN HARDENING 


The tests in which the temperature and the rate of straining 
were varied over a wide range of these variables incidentally gave 
an opportunity for observing the shapes of the necked portions of 
round bars after they had fractured. The broken ends of tension 
bars show considerable differences in their proportions, according 
to the temperature and the speed at which they were tested. 
What determines the shape of the surface of revolution on a 
round bar of a ductile material in the final stages of a tension test 
has seldom been investigated. Some measurements of this kind 
have been reported by W. v. Moellendorff."* 

In so far as the fracture itself is concerned, recent observa- 
tions by C. W. MacGregor,'? made by X rays on aluminum bars, 
support the view expressed by some investigators that the tensile 
fracture in a round bar of a ductile metal starts in the center of 
the minimum cross section. E. Siebel? in an approximate man- 
ner computed the axial and radial stresses in the minimum cross 
section at the instant in which the fracture starts. Several in- 
vestigators?! have evaluated the mean values of the axial stresses 
and strains in the minimum cross section and have plotted the 
former ones in function of some conveniently selected strain 
variable beyond the point at which the load reaches its maximum 
values. 

When pure strain hardening is assumed, it is known that the 
plastie equilibrium of a cylindrical bar, in its uniformly stretched 
condition, ceases to be stable after the load reaches its maximum 
value. In the following, P = load, A = area of a cross section, 
(o = P/A) = stress, and x = distance of cross section A from a 
fixed point O chosen along axis of bar. Plastic elongations are 
either expressed by the conventional strain « (= change of length 
divided by original length) or by the natural strain € = In(1 + 6) 


'’ “Gestalt des Fliesskegels,”” by W. v. Moellendorff, Mitteilungen 
aus dem Materialpriifungsamt und dem K.W.-Institut fiir Metall- 


forschung zu Berlin-Dahlem, vol. 41, 1923, pp. 60-62. 


'* ‘Relations Between Stress and Reduction in Area for Tensile 
Tests of Metals,”’ by C. W. MacGregor, Trans. American Institute of 
Mining and Metallurgical Engineers, vol. 124, 1937, p. 217, Figs. 9 
and 10. Also “Die Bedeutung riumlicher Spannungszustiinde fiir 
die Werkstoffprifung,’’ by P. Ludwik, Archiv fiir das Eisenhiitten- 
wesen, vol. 1, February, 1928, p. 537, Fig. 2. 

2 und Spannungsverteilung im ein- 
geschnirten Stabe,’’ by E. Siebel, Verein deutscher Eisenhiittenleute, 
Berichte der Fachausschiisse, Werkstoffausschuss, Diisseldorf, 1925, 
no. 71, pp. 1-3. 

*! An up-to-date discussion of these conditions related to the 
analysis of the tension test and a very complete review of papers 
devoted to this subject can be found in the paper ‘“‘The Tension 
Test,” by C. W. MacGregor, Proceedings of the American Society for 
Testing Materials, 1940, preprint no. 51; also reference (19). 
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It will also be necessary to compare the lengths x and areas A 
with their values in the original unstrained condition of the bar, 
which will be designated by x* and A*. Since the volume of an 
element of the bar must be the same before and after deformation 


and since 


dx 
— =1 


dz* 


any area A in the deformed condition of the bar can be expressed 
by its original value A * by means of the relation 
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For pure strain hardening a relation o = f(e) or o = g(e) is 
assumed. These are monotonously increasing functions of the 
strains. The load P increases first then reaches a maximum 
value P,, at a strain e,, and, after this, drops with increasing 
strains. After the strains « become larger than e,, two states of 
static equilibrium are equally possible. In one the bar is 
stretched uniformly in the same manner and over its entire length 
as it was elongating before the maximum of the load was reached. 
We can designate this strain by euir = OD (Fig. 21). In the 
other state, the deformation ceases to be distributed uniformly 
over the length. The load P, which corresponds to the first 
mode of yielding, is given by 

A *g(eunit) 


and is represented by the ordinate AD = P in Fig. 21. In Fig. 
22 views of the bar are reproduced in its original condition (1), 
in its condition (2) stretched by the strain ¢,, at the maximum of 
the load P,,, and in its uniformly elongated shape (3), corre- 
sponding to the strains eyair and a load P = AD which is smaller 
than P,,. Observation, however, shows that the bar does not 
stretch according to the form (3) but contracts in the manner 
which is indicated by (4) in Fig. 22. Its minimum area is 
A = A*:(1 + euir). Since a considerable portion of the bar has 
not been stretched beyond the strains «,, = ON (Fig. 21), it will 
be observed that the mean strain é€mean must be smaller than the 
strain €unif 
€mean < €unif 
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The usual stress-strain recorder of a tensile machine plots the 
load P in function of the displacements Al between the end points 
of the gage length. These are proportional to émesn. Therefore, 
the point B, corresponding to the true stress o = DF and strain 
€mean = OC on the true-load curve, must be situated to the left of 
point A, whose abscissa OD was equal to eunir. It is noted that 
two load curves appear in Fig. 21, as the continuations of the 
raising portion OM—the branch MB’'A corresponding to a uni- 
form extension and the branch MBG actually traced as the re- 
corded load. Fig. 21 shows why a cylindrical bar cannot stretch 
uniformly according to MB’A after the strains « become larger 
than e,,.. This would have required larger loads, such as the ones 
belonging to curve MB’A for the same mean elongations. The 
bar chooses between the two statically possible modes, the one 
requiring less force for the same total elongation and, conse- 
quently, less deformation work Pd(Al).? 

Provided attention is confined to strain hardening, it may be 
observed that a radially symmetrical state of stress in the portion 
which finally necks down in the bar must require a smaller total 
load than when the bar is stretched uniformly over its entire 
cylindrical portion. Similar conditions are present when the 


Mo 
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Fic. 23) Srress-StrRaAIN RELATION ACCORDING TO EQUATION [5| 


upper yield point in a material is reached, with the difference that 
the disturbed state of stress is localized in a comparatively thin 
layer of material (a flow layer) and, perhaps, not dissimilar condi- 
tions again prevail in flat bars of a ductile material just before 
they break in the characteristic manner for flat specimens, e.g., 
in an oblique cross section. In all these cases, a second non- 
uniform state of stress develops, which requires less load or 
energy of deformation than the uniform state of plastie equi- 
librium. 

It is perhaps of interest to note that for a bar with variable 
cross-sectional areas A* we must have 


P = = Aote~*f(6) 


(in which equation the subscript zero shall refer to the minimum 
cross section) so that the load P in function of either the strains 
or the strains ¢ in another cross section A* is represented by two 
curves of similar shape, as indicated in Fig. 23. The second 
curve is obtained from the fixst one by multiplying the ordinates 
of the first curve by the ratio A*/Ao*. Corresponding values of 
the strains € and €) are found by projecting the points B,, By. . . 

in a horizontal direction on the second curve, furnishing the 
points Ci, C2.... We see that in across section A* > Ao* the 
strain ¢ will increase with the load P as long as P has not yet 
reached its maximum value P,,. After the point of culmination 
Mo is reached, the points C must start to recede to the left, i-c., 
« must decrease. Plastic strains ¢ however cannot decrease. 
We must, therefore, conclude that, after the maximum load is 


22 In Fig. 21 a third short branch of a load curve EH has been 
traced. Let us assume that in some cross section a small but weaker 
spot existed in which the material was broken. The ordinate F/ 
represents the load which was just sufficient for starting the fracture. 
Curve EH is the last portion of the stress-strain curve. The ordi- 
nates of curve EH must be smaller than those of curve EG as the frac- 
ture spreads gradually and the load-carrying portion of the minimum 
cross section decreases. 
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reached, plastic deformation in all cross sections A* larger than 
the minimum cross section Ao* must stop. A theory of the 
necking of bars considering strain hardening in pure axial tension 
apparently cannot be developed. It must lead to the result that 
flow must stop everywhere outside of the minimum cross section. 
These difficulties can partially be avoided by assuming that the 
stresses also depend upon the rates of flow. 
INFLUENCE OF RATE OF STRAIN 

The deformation of a bar during a tension test will now be in- 
vestigated, assuming (1) that in plane sections of the bar, which 
are perpendicular to the axis, uniform tension in the axial direc- 
tion acts, and (2) that stress depends upon the rate of flow. De- 
pending upon whether the conventional strain « or the true 
strain ¢ is used, we distinguish a conventional (u = de/dt) and a 
true rate of strain 

de u € 
dt l+e 

The dependence of the stress o upon the rates of flow w is ex- 
pressed by assuming that 


Fic. 24 AND DEeForMED Bar’ 


STRAIN RATE $f 


Fie. 25 Speep Law 


is a known function (Fig. 25) or that the inverse function 


is known. Furthermore, it is assumed that the bar in its un- 
strained condition has variable cross sections A*. The original 
shape of the bar is determined by assuming that A* is a given 
function of the coordinates z* in the unstrained condition of the 
bar. 

The problem to be investigated may be restated as follows: 
Given the original distribution of the areas A* along the axis at 
the time t = 0 (Fig. 24) and the speed law o = f(u) (Fig. 25), find 
the distribution of the areas A at any time ¢ (Fig. 24) as a function 
of the new distances x. In this connection, it is of particular 
interest to study under what conditions a very small disturbance 
which may be superimposed on the cylindrical surface of a round 
bar will tend to increase rapidly. The independent variables 
used are z* and ¢t.. The coordinates x in the deformed condition 
of the bar are easily found after integrating Equation [2]. 


After taking for the upper limit of the integral the original length 
l* of the bar between the heads and after a differentiation with 
respect to the time t, Equation [9] furnishes the expression of the 
relative velocity v with which the two heads move 


Since, according to Equation [3] 


and 
OA - 
(12] 
after dividing Equation [12] by Equation [11] a relation 
10A 
1 of 


is obtained. The left side of Equation [13] is a second expression 
for the true strain rate @ = de/dt. In conjunction with a given 
speed law o = f(a) Equation [13] can be considered as the differ- 
ential equation of the tension test. Several applications of this 
equation will now be made. 


RELATIVE VELociITy BETWEEN HEADs oF A Bar MAINTAINED 
CONSTANT 


Cylindrical Bars. This is one of the most frequently en- 
countered cases because most of the testing machines are built 
so that one head practically does not move while the other head 
moves with a velocity v = const. If l* is the original length 
between the two heads and 1 = (1 + 6)l* the extended length, 
the velocity v is expressed by 


O4D OR TRUE STRESS 


| 
0.1 0.2 Oa 0.5 
CONV. STRAIN 


Fic. 26 Srress-Strain Curves ror UntrorM RELATIVE MOTION 
BETWEEN Heaps oF TENSION BaR 
[Speed law, o = c(a)™.] 


and the load P in funetion of the conventional strains «€ is given by 

P= Ae 

For example for a very viscous material, for which the stress is 
proportional to the strain rate 

[16] 


® being a constant, the load P must change with the conventional 
strain according to Equation [15] or 


A*bi 1 
1l+e (1 + 


in which the quantity in the brackets represents a constant. 
If on the other hand the speed law is expressed by a power func- 
tion 


o = = O< ma l)........... [18] 
the load P is expressed by the following function of the strain 
Ate(ii)” 1 
P= —— = | . --. 1 
l+e 


he 
STRESS v= - = l “= li. [14] 
at 
| 
0 A 
l* 
v= e idz* = cin » 
o A 
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in which again the quantity in the brackets is a constant. Equa- 
tions [17] and [19] represent hyperbolas, indicating that the load 
P decreases continuously with increasing strains «. Taking in 
Equation [19] for m = 1, Equation [17] for a perfectly viscous 
material is obtained. 

From experiments, it is known that in a certain range of the 
rates of strain a hyperbolic sine function expresses the dependence 
of the rates of strain upon stress 


= sinh (:) 


where uw, o; are two material constants. The load P in function 
of the strains in this case is given by 


+9]__ 
| 


As an illustration of stress-strain curves, three sets of such 
curves have been computed, using the power-function speed law 
Equation [18] and Equation [19], assuming for the exponents the 
values m = 1, !/2, and 4/1. Fig. 26 reproduces the corresponding 
curves for the load P and for the true stress o in function of the 
conventional strains.** 

Stress o = Const. Assuming a general speed law of the form 
o = f(d) the stress o in a tension test can remain constant pro- 
vided the load P is decreased in the same proportion as the length 
l of the bar increases. Since the relative velocity between the 
two heads is proportional to the length 1 


it will be observed that the length / must increase with the time ¢ 
according to an exponential function 


and, consequently, the load P of the bar must decrease with the 
time ¢ according to 


P = Ao 


Strain Rate i = Const. Since o = f(id) a constant strain-rate 
test is also a constant stress test and the equations just given 
remain valid. 


THrory oF NECKING oF Bars 


In an attempt to predict the subsequent profiles of a bar during 
the last portion of a tension test, it will now be assumed that (1) 
the bar has a cylindrical surface which is very slightly disturbed 
and (2) that the load P decreases according to a given function 
P = F(t), of the time ¢. Suppose an original shape of a bar in 
which the maximum areas A,* at the ends are only slightly larger 
than the minimum area Ao*, so that the difference 


A,* — Ao* 


or the factor 6 is a very small quantity. We can assume for ex- 
ample that the areas A* change according to the function 


A* = A,*[1l — pH(zx*)] 


23 The following numerical values for the constants were used: 
Coefficient of viscosity @ = 10,000 lb sec/in.2; ¢ = 10,000 
lb(sec)™/in.?; head rate, » = 1 in. per sec per in. bar length. This 
corresponds to an initial strain rate u = 1 per sec or to a tension test 
in which the strain of 100 per cent is reached in 1 sec, or in which the 
length (1 = 2/*) is doubled in 1 sec. The numerical values of the 
stresses correspond to this rate of stretching and the values of the 
load P are given per square inch of the initial area. 
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and that the function H(x*) = 1 when x* = 0 and H(z*) = 0 


when r* = +. An expression of this kind which was used is 


in which @ and 8 are given constants. The constant a deter- 
mines the rapidity with which the disturbance dies out with the 
increasing £*. 

It is necessary to substitute in Equation [13] for u = g(o) and 
foro = P/A = F(t)/A. Further applications of the general 
equation thus obtained 


LOA 
A Oo 


depend upon the choice of the functions g(¢) and F(t). 
Taking a power function as speed law 


u = ac" = aP"/A*, (l Sn< ~,a = const) 
the differential equation 


A” oA 

ol 
is obtained, which, after a partial integration with respect to the 
variable time ¢, gives for the areas A 


t 


0 


in which expression the right side is a known function of the time 
t. From Equation [31] follows the interesting result that the 
distributions of the areas A” of the bar at various times t, when 
plotted in function of the distances x*, are represented by a family 
of curves which are parallel to the curve A*” representing the 
original distribution. The changes of shape of the bar can be 
studied by plotting the values of A* or of A in function of the 
distances r*. 


Fic. 27. Distripution or Argas A IN Tension Bars or Viscous 


MATERIAL 


A special case of Equation [31] is when the load P = const, in 
which case the distribution of the areas A is 


Since ¢ = P/A, from Equation [32] it follows that the stresses o 
must satisfy an equation 


in which o* = P/A* is agiven function of z*. 
Two ExampPLes or Viscous FLow 


Case (a). For example a very viscous material (n = 1) under 
a constant load P must neck down so that the areas A and the 
stresses ¢ become 


A = A*—aPt, 


B 

A*t=A, 1 [27 | 

4 

dl 

| 

| 

l & t=o 

i 

‘ 

1 —ao*t 

| 
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where a = 1/® and ¢ is the viscosity coefficient for tension. 
The distributions of the areas A at various times ¢, when plotted 
in function of the coordinates z*, are represented by the family 
of curves which are parallel to the one representing the original 
distribution A* in the unstrained condition of the bar, Fig. 27. 
Equation [34] together with Equation [9], expressing the co- 
ordinates z, the distances along the axis after deformation, show 
that a bar of a viscous material is pulled out quite gradually under 
tension forces until it will become a fine filament in the manner 
reminiscent of the pulling of glass bars or tubes in a hot flame by a 
glass blower.*4 

Case (b). It is of interest to compare the behavior of a viscous 
material with that of a bar composed of material which has the 
following speed law 


in which relation oo and ® are constants and i = 0 and o 2 ap». 
As long as the stress o is smaller than the value oo no deformation 
occurs, but as soon as o becomes larger than “‘the yield stress oo” 
the material behaves like a viscous substance. After introducing 
again for « = P/A Equation [28] leads to the linear differential 


equation 


If the load is maintained constant during a tension test, we obtain 
for P = const the distribution of the areas A at any time t 


P P\ > 


Let us now assume that the load P is such that in the largest cross 
section A,* the stress o is just equal to “the yield stress oo” or that 


A=AREA 
x t=o 
€ 
” A 
Fig. 28 Fig. 29 


Fic. 28. Linear SpeED Law 
Fig. 29 DisTRIBUTION OF AREAS A IN TENSION BAR 


(Speed law, a = 


Equation [38] can be rewritten 


portion of the bar (in which originally the minimum cross section 
Ag¢* occurred) starts to contract first at a very slow rate. The 


A 
quantity in the bracket of Equation [40] or ( iI— ) is a small 
1 


quantity. As time goes on, however, the exponential term e* 
starts to increase and, as soon as it becomes sufficiently large, the 


* 


At\ 
product ( 1— 4) e® will approach the value of 1. In other 


1 

words, after a certain finite time the portion near the minimum 
cross section Apo will start to contract rapidly and the deformation 
remains localized, Fig. 29. We wish to draw from the two ex- 
amples the conclusion that, if in the stress-rate-of-strain relation 
o = f(a) a sharp break occurs and this function follows a curve 
such as the one which is represented by the dotted line ODE in 
Fig. 28, a small disturbance in the profile of the bar after a certain 
time will tend to increase and the bar will start to neck locally. 

A numerical example may illustrate this further. Let us com- 
pare the flow in two tension bars both of which have the same 
initially slightly disturbed cylindrical surface. Assume that at the 
start the minimum cross section is 0.0001 smaller than the maxi- 
mum cross section. For example A,* = 1 sq in. and Ao* = 
0.9999 sq in. The material of the first bar is a viscous substance 
having o = 7% as the speed law and a coefficient of viscosity @ = 
500,000 Ib sec/in.2 The material of the second bar has the speed 


3 a 6 ? 
LENGTH JIN INCHES 


Fie. 30 Contour or Bar 1n Constant-Loap TEst 
[Speed law, @ = (¢ — oo: 


law (Equation [35]) @ = (¢ — oo): assuming that oo = 50,000 
Ib/in.? and @ = 500,000 Ib sec/in.? If a stress ¢ = 50,000 
lb/in.? is suddenly applied, the minimum section will carry a 
stress equal to 50,005 lb/in.*. The first bar will start to stretch with 
a strain rate of 7 = 0.10001 per sec in the minimum and u = 
0.10000 per sec in the maximum cross section. The second bar 
will not be stretched in the maximum sections with any finite 
rates of strain but, in the minimum section, the rate at the start 


1 
will be uw = 0.00001 per sec. Since : as the areas of the first 


bar will decrease according to the equation A = A* — 0.1t and 
those of the second bar according to the equation A = 


t 
” A,*L1 — emith Using these two formulas we see that it 
A ; ( 4) a! takes 2.5 see to reduce the minimum cross section of the first 
bar by 25 per cent (to */, of its original magnitude), but that 
80 sec are required for the same reduction of area at the mini- 
mum cross section of the second bar. 

In Fig. 30 is reproduced the shape of a tension bar which is 
in an advanced stage of necking. In this case, the speed law 
wu = (¢ — ao):%, oo = 10,000 lb/in.?, 6 = 100 lb sec/in.? and an 
original shape of a bar was assumed according to the equation 


Evidently, the two ends of the bar (in which A* = A,*) do not 
stretch at all, because there the stress is just equal to oo and, ac- 
cording to the speed law, Equation [35], u = 0. The central 


* From Fig. 27 or Equations [32] or [34] it follows that, in each 
of these cases of plastic flow, theoretically a certain ‘‘finite time of 
rupture”’ exists, for which Amin becomes equal to zero. In most cases 


however the stresses in the minimum area increase with time or strain 0.01 
and fracture occurs long before the theoretical reduction can be A* = A,* | 1———_ }}................ [41] 
reached. 1+z* 


| 
> 
ot 
the solution of which is 
= 
> 
| 
i 
} 
' 
; 
: 
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The minimum original area is 1 per cent smaller than the maxi- 
mum area. The shape of the bar is shown at the theoretical rup- 
ture time of t = 0.0461 sec for a load maintained constant (P = 
oo). Only the portion near the heads was plotted, while the cen- 
tral portion of the bar is pulled out to a thin filament in which 
the stresses soon must reach the fracture point. The dotted 
lines show one half of the bar in its original unstrained condition. 


VARIATION OF LoAD DvuE To EFFEcT OF SPEED OF DEFORMATION 


Tension tests made at sufficiently high temperatures show (1) 
that the load maximum is reached very soon and after only a 
small percentage of strain, and (2) that the bars usually neck 
down to a point while the load drops to zero or to very small 
values. In the stress-strain curves observed at high tempera- 
tures, we can perhaps distinguish three more or less distinct 
regions, i.e., the steeply raising first portion a as OA, Fig. 31; 
usually a concave and flat branch of a curve b as AB, the ordinates 
of which are slowly decreasing as the test proceeds; and the por- 


STRAINS 
Fig. 31 Strress-Strain DiaGRaAM FOR H1GH TEMPERATURES 


tion C or BC, in which the load drops more rapidly nearly to zero 
values. 

The shape of the first branch a which is steeply inclined with 
respect to the strain axis seems to be determined by the speed law 
and the fact that; in this part of the stress-strain curve, the plastic 
strains are of the same order as the elastic strains. It is possible 
to predict the shapes of such curves theoretically.25 They have 
the tendency for a constant strain-rate test to become asymptotic 
to a set of horizontal lines for strains of the order of a few thou- 
sandths. It is believed that the flat portion b of the stress-strain 
curves, on the other hand, is due to the combined effects of the 
decrease of the cross-sectional areas of a bar and of the existence 
of a pure speed law such as was expressed by Equation [7], ¢ = 
f(a), or Equation [8]. It suffices in this connection to point to 
what was said in the section ‘‘Relative Velocity Between Heads of 
a Bar.” For example for the power-function law, Equation [29], 
hyperbolic curves with slowly decreasing ordinates were obtained, 
Fig. 26. It is believed that the branch AB in an actual diagram, 
Fig. 31, is essentially this hyperbolic curve. The last portion BC 
of the load curve is recorded when an elongated portion of the bar 
starts to contract locally while the load rapidly decreases. This 
is probably due to this kind of motion producing a constant rela- 
tive velocity v = const between the two heads of a bar. It is 
noteworthy that the specimens in high-temperature tension tests 
deform quite uniformly over their entire length also after the load 
starts to decrease continuously (beginning from point A in Fig. 
31). This is in contradiction to what is known concerning the 
behavior of tension-test bars at low temperatures, in which local 
necking sets in right after the load maximum is reached. 


Loap VaryYING WiTH TIME 


The conditions characteristic of the rapid drop of the load in 
the final stages of a tension test (corresponding to the branch BC 
in Fig. 31), during which necking spreads over a certain portion 
of the specimen, can be treated by the means which were previ- 
ously developed, leading to Equation [31].% We shall make one 


25 This case cannot be treated in detail here. 

2 The assumption made that P = F(t) simplified the treatment 
considerably. The conditions to be satisfied are really of a much 
more complex nature. Usually test conditions specify a constant 
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or two applications of this equation. If we take for example 
n = 2, assuming u = ao* and the following time function expre-s- 
ing the decrease of the load P 


2 
P = F(t) - 5) [42 


(Po is the initial value of the load when t = 0 and ¢o is the time 
required for complete unloading until P becomes zero) after 
carrying out the integration in Equation [31] for the changing 
areas A of the bar, we obtain 


lo 3h? 


t 2 
), (t S to)... [43] 
This function shows how the areas A decrease from their original 
values A* with the time ¢ if the initial load Po is given. If this 
equation is applied to the minimum cross section Ao* we may 
write it in the form 


Ao? = Ao*? Pogl(t) 


1000 
a’ 


[44] 


25 2 us os 


Cross Section A AFTER DEFORMATION IN FUNCTION OF 


Fia. 33 
( P =P, D-a]: P, = 8963.1 Ib; & = 1 sec, ) 


Contour OF A BAR IN VARIABLE-LOAD 


If the initial load Po is fairly small, when the time ¢ = , 
stretching will stop at a finite value of the minimum cross section 


Ay = yar [45] 


If for a given to the initial load Po increases, there must however 
exist a certain value of Po for which Ao just becomes equal to 
zero whent = t. This special load is determined from the condi- 
tion Ay = 0 


When Po < P, the bar stops to stretch when ¢ = & at a finite 


head velocity v. This latter quantity depends, however, upon a 
definite integral in whose integrand the unknown function A appears. 


= 
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minimum cross section Ao, however, if Po > P,, theoretically at 
least, the bar stops to stretch not because the load dropped to 
zero but because the minimum area A» became equal to zero (the 
stress naturally would tend to increase indefinitely in Ao). 

At elevated temperatures during necking, the shapes of a bar 
are sensibly dependent upon the initial conditions at which the 
necking starts as well as on the speed law. For example, for n = 2, 
assuming for the constant a = 10° (using lb, in., sec as units), 
the maximum area A,* = 1 sq in., the minimum area Ao* = 0.99 
sq in., and an unloading time t = 1 sec, so that the load 
P = P,(1 t?), the special load P, (Equation [46]) is found 
equal to 

P, = 9686 Ib 


The radii r of the round bar corresponding to the areas A,* = 1 sq 
in. and Ao* = 0.99 sq in. in the unstrained state are r;* = 0.62 in. 
and ro* = 0.617 in., respectively. During the unloading period of 
1 sec from an initial load Po = 9000 lb, these radii are reduced due 
to necking to 7; = 0.343 in. and ro = 0.33 in., respectively. Tak- 
ing Po = 9400 lb, we find similarly r; = 0.278 in. and ro = 0.249 in. 
However, when the initial load Po = 9686 = P, we find r, = 0.212 
in. and ro = 0. 

It is believed that this example and some of the curves in Fig. 
32 show the influence of the initial load and of the exponent n in 
the speed law on the shape of the necked portion. In Fig. 32, the 
areas A of the cross sections of a bar are plotted in function of the 
distances 2* for the exponents n = 2, 3, 4, and n = 10, and as- 
suming the function given in Equation [41] for the distribution of 
the original areas A*. We see from this figure that the larger 
is the exponent n, the faster do the cross sections A decrease near 
the minimum cross section. 

In Fig. 33 is shown finally the contour of a bar in an advanced 
state of necking. The original distribution of the areas A* was 
the one given by Equation [41], the speed law was a = co” = 
10° °o!° assuming the exponent n = 10. The load varied accord- 


ing to the function P = Po{ 1- rr using fo = 1 sec. The initial 
0 


load was chosen equal to Po = P, = 8963.1 lb, corresponding 
to the critical value of P,. The contour is shown after a time 
t = 1 sec for one half of the bar. 


SUMMARY 


The resistance to plastic forming of several metals was investi- 
gated over a wide range of the rates of deformation and at various 
temperatures. The influence of the speed of straining on the 
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forces required for plastic forming was explored in tension tests. 
The fastest rate of stretching was one billion times larger than the 
slowest speed. At the highest velocity, corresponding to a ten- 
sion test of the duration of 0.001 sec and at temperatures close to 
the melting point, a remarkably large resistance to deformation 
was observed. In general the stresses decrease with the tempera- 
ture and increase with the rates of straining. For some ferrous 
metals, including a very pure iron, the resistance to deformation 
shows a well-defined maximum and minimum of stress as a func- 
tion of the temperatures for a given strain rate. It was found 
that for these ferrous metals the temperature range in which the 
maximum of the strength occurs depends upon the rates of 
stretching. At slow rates it occurs around 200 C (corresponding 
to what is known as the “‘blue-brittleness range”) while, at the 
very fast rates of stretching, the maximum strength is observed 
at 550 C. Curves showing the dependence of the resistance to 
deformation upon the strain rates and the temperature are given 
for several metals. 

In a high-speed tensile test of pure iron, an instantaneous 
temperature rise of about 50 C was observed due to the conversion 
of the work of deformation into heat. 

The analysis in Part III can be summed up by stating that it is 
possible, at least in the higher range of temperatures, to predict 
the shapes of the stress-strain curves in tension tests and the 
characteristic contours of bars in their necked portions. These 
predictions are based on a few simple assumptions as to the prob- 
able form of the relations connecting stress and the rates of 
strain and are in agreement with some of the corresponding ob- 
servations made at the higher testing temperatures. 
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Note on Calculation of Influence Surfaces in 
Plates by Use of Difference Equations 


By N. M. NEWMARK,' URBANA, ILL. 


ie THE calculation of moments and other effects in plates by 
use of difference equations it often arises that a particular ef- 
fect is desired for a unit load applied in turn at all of the nodes of 
the network into which the plate is divided. It is often incon- 
venient because of the amount of work involved to apply unit 
loads successively at all the desired points. The method de- 
scribed herein permits the calculation directly of a particular 
effect due to unit loads at the various nodal points, that is, the 
method permits the direct calculation of an influence surface. 

It can be shown that the influence surface for a particular ef- 
fect may be obtained as the deflection of the structure due to a 
certain system of loads which is very simply determined. When 
obtained from the influence surface, the particular effect (mo- 
ment, shear, etc.) due to a given load at a particular point is 
exactly equal to the same effect obtained from a calculation for 
the particular load considered. 

The method is summarized in the following theorem: 

Theorem: Where a particular effect Q is a linear function of the 
deflections Wg, Wy... . W, at points a, b,.... k, respectively, as in 
the equation 


Q = Au, + Buy +...+ Ku, 


and if deflections and loads are linearly related, the influence on Q 
of a unit load at any point m is obtained as the deflection at the point 
m due to loads of magnitude A, B,...K, applied at points a, b,...k 
respectively. 

Further generalizations are possible, but are not considered 
here. It may be noted that the application of procedure is not 
limited to problems in which difference equations are employed. 

Proof of the theorem follows. Additional notation is adopted: 


Q?==1 — particular effect due to unit load at point m 
w,?==1 = deflection at point n due to unit load at point m. 


The particular effect Q may be a moment at some point, shear, 
reaction, or anything else which is a linear function of deflections 
at particular points, as in the equation 


Q = Au,+ Byt.. 


It is assumed that the deflection at any point is a linear func- 
tion of loads applied at the various points. Then, by Maxwell’s 
theorem of reciprocal deflections, one has the relation 


= Wy 


Further, since deflection is proportional to the magnitude of the 
load applied at a particular point, one has the relation: 
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“Consequently the de- 


The particular effect Q due to a unit load at point m is obtained 
from the deflections of points a, b,... k due to the unit load at 
m, by use of Equation [1] 


QPm=1 Aw,Pm=! 4+ + [4] 
Using Equation [2], one may rewrite Equation [4] as follows 
= Aw,Pe"! + +... + (5) 


and using Equation [3], one may rewrite Equation [5] in the 
following manner 


QPn=1 A+ w Pom B 
or QPm=l. w,, due to loads P, = A, P, 


But Equation [7] is 
merely a statement of 
the theorem, since m 
may be any point. 


flections due to the 
fixed system of loads 
at points a, b,...k are 
the desired influence 
values. 

Merely to illustrate 
the use of the proce- 
dure, consider the an- 
alysis by means of dif- 
ference equations of 
the simply supported 
square plate shown in 
Fig. 1. Let it be re- 
quired to find the influence surface for bending moment at point 
a in the direction of the line ab. This moment, which is the 
particular effect Q in this case, may be expressed in terms of 
the deflections of a, b, and c as follows 


Vic. 1 Suprportep SQuARB PLATE 
ANALYZED BY oF DIFFERENCE Equa- 
TIONS 


N 
Q = Moment at a in direction of ab = — x (wy — 2u, 


+ Bw, — 2uw,) 


where u is Poisson’s ratio, and N is a measure of the resistance of 
the plate to flexure. Then one must apply loads as follows 
2(1 N 
at a, = 


N 
at b, Py = — 333 atc, P, = 


By use of Marcus’ procedure,? one finds the deflections due to 
this system of loads 


7+ 1+ 7%, 

These are the influence ordinates desired. The values may be 
checked by calculation of the moments in the direction of ab 


at points a, b, c, and d due to a unit load applied at one of the 
points, since the structure is symmetrical. 


= = Wg = 


2? See, for example, ‘Analysis of Plate Examples by Difference 
Methods and the Superposition Principle,” by D. L. Holl, JourNat 
or AppLigep Merouanics, Trans. A.S.M.E., vol. 58, 1936, p. A-SI. 
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Forty-Eight Ordinate Harmonic 
Analysis and the Harmonic Spectrum 
of Two-Cycle Diesel Torque' 


Fk. L. Scuwarrz.? Of the various numerical methods for 
evaluating Fourier series the Runge method reduces the labor 
to a minimum. The author is to be commended for the sim- 
plified tabulation of the method. 

The writer questions the validity of the equation given on the 
second page of the paper. Fourier series may be written as a 
double series of the form 

S(wt) = bo + cos wt + cos 2wt + bs cos3wt + ..... 


+ a; sin wt + a, sin Qwt + a; sin 30t +... f Uy 


or as a single series of the form 


(wt) = bo + cos (wt — oi) + cos (2wt — 

+ cos (But +. 
or 
= bo + cq sin (wt + + C2 sin (Qwt + 02) 


+ ¢; sin (3wt + @;) + 


in which 


Cc, = Vb, + a’, 


tan ¢, = 
b,, 

tan 6, = 
a 


The coefficients (a and b), determined in the paper, are those of 
Equation [1] of this discussion and not of the equation as given 
in the paper. The term ¢ or 6 of Equation [2] is the phase angle 
of the respective harmonic with reference to the origin wt = 0; 
a,, b,, and c, are amplitudes. 

The writer has used the method outlined in this paper for an 
analysis of a four-stroke-cycle Diesel card and some idea of the 
time required for the analysis may be of interest. The tables 
may be compiled in less than '/: hr and, without the aid of an 
adding machine, the coefficients may be calculated in 2 hours. 


A Rational Definition of Yield 
Strength’ 


L. H. Fry.* The author’s suggestion for a rational method 
of defining yield strength is interesting, but several questions 
arise. The paper opens with the statement that most definitions 
of yield strength are arbitrary. Surely, it would be more accu- 


' By Nancy Klock. Published in the December, 1940, issue of 
or AppLiep Mecuanics, Trans. A.S.M.E., vol. 62, p. 

* Instructor in Mechanical Engineering, Pratt Institute, Brooklyn, 
N. Y. Mem. A.S.M.E. 

* By W. R. Osgood. Published in the June, 1940, issue of the 
JOURNAL or AppLigep Mecuanics, Trans. A.S.M.E., vol. 62, p. A-61. 

“Railway Engineer, Edgewater Steel Company, Pittsburgh, Pa. 
Mem. A.S.M.E. 
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Fic. Srress-SrrRatin Curves WITH AND WITHOUT YIELD POINT 


(Curve A has a definite well-marked yield point. Curve B has no yield 
point; an arbitrary yield strength or offset strength is determined.) 


rate to say that any definition of yield strength must of necessity 
be arbitrary. 

This is clearly illustrated by the stress-strain curves in Fig. 2 
of the paper. These are smooth curves with no point to mark 
any characteristic change in the relation between stress and 
strain. The author proposes to draw a tangent to the curve at 
the origin and to call the slope of this tangent the “elastic modu- 
lus” of the material, and then to draw a secant having as slope 
some arbitrary fraction of the elastic modulus. The stress at the 
intersection of the secant with the curve is to be called the ‘‘yield 
strength” of the material. 

In view of the entirely arbitrary nature of the yield strength, 
it is unfortunate that the author should link it with yield point in 
his second paragraph, by the statement, “the commonly used 
definitions of yield strength and yield point have limited physical 
significance.”” The worker in ferrous metals must take exception 
to this belittlement of yield point. When present, the yield point 
has a perfectly definite physical significance. Its appearance in a 
stress-strain curve is shown in Fig. 1 of this discussion. It 
marks the stress at which, by A.S.T.M. definition, there is a 
marked increase in strain without a corresponding increase in 
stress. As the late J. A. Capp phrased it, ‘“Nature has been kind 
to the man who tests materials having a yield point. This 
point clearly marked by the break in the stress-strain curve comes 
just beyond the nominally straight-line portion of the curve. 
Consequently, the determination of the break or yield point pro- 
vides a convenient check on a property which is useful to the de- 
signing engineer.’’ With all respect to the author, it is submitted 
that yield point marks a definite physical characteristic of cer- 
tain ferrous metals, and that it should be clearly set apart from 
the arbitrary yield strength. 

If the term yield strength is to be used, there may be advantage 
in defining it by the author’s method, provided that the stress- 
strain curves of the various metals are affinely related. All that 
the author submits on this point, which, however, seems to be 
fundamental to his method, is the statement that examination of 
a considerable number of stress-strain curves of different materials 
shows they are often so related to a good degree of approximation. 
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Until more evidence on this point is available, the present method 
of arriving at yield strength by specifying a definite offset seems 
to be preferable. 

As a result of H. W. Gilletts’: editorial “Words Wanted,” 
in Metais and Alloys for June, 1940, it is suggested that what is 
now called “‘yield strength,” should be renamed “‘offset strength,” 
and the value of the offset specified in the name so that the com- 
plete designation would be, for example, “‘the 0.20 per cent offset 
strength.”” This would help remove the confusion between yield 
point and vield strength and provide a definite name for a widely 
used characteristic of materials. 


Torsional Vibration in Geared- 
Turbine Propulsion Equipment’ 


W. J. Donovan.? Three methods for calculating the propeller 
damping constant, D,, are given in the paper. The following is 
an alternative procedure which is simple and accurate and be- 
lieved to be the most satisfactory one. 

For each particular installation, the marine engineer usually 
has access to the speed and power curves of the ship and the 
torque- and thrust-characteristic curves for the propeller. The 
former yields the variation of true propeller slip with rpm and 
the latter gives the relation between Cg and S where 


Cg= = torque 
characteristic w, = propeller speed, radians 
@ = torque, lb-ft per sec 
n = rps V, = propeller speed of ad- 
p = pitch, ft vance, knots 
d = diameter, ft Wp 
S = true slip iti = 


D,, the desired coefficient, is 
Ow 


X 101'/;sV, 
but wo, = 


' By H. Poritsky and C. 8S. L. Robinson. Published in the Sep- 
tember, 1940, issue of the JouRNAL oF APPLIED MECHANICS, Trans. 
A.S.M.E., vol. 62, 1940, p. A-117. 

2 Member of Machinery Scientific Staff, Gibbs & Cox, Inc., New 
York, N. Y. 
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From Q = 


( 


is obtained. 


Finally, D, = = — 
Ow, Wp os Jy, i—S 


It is convenient to define a dimensionless quantity, «, by the 
relation 


D, = «~... 


Wp 


Equation [6] may be solved for « and it is found that 


« may also be found in the system of units which defines 


Vo Q 
and ie 
nd pnids 
where vp = speed of advance in ft per sec, p = density of water in 
Ib sec? 
J (OK 
It is readily shown that « = 2 — —- [ — ©) This relation 
is helpful if the propeller characteristic Ag, is plotted against ./. 
At the desired rpm it is necessary only to determine S from the 
speed and power data, enter the Cg versus S curve, evaluate ('g and 


os 
easily evaluated from the known data. 


oc 
(3). It is thus seen that the damping effect is quickly and 
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| Mechanical Vibrations 


MECHANICAL ViIBRATIONS. By J. P. Den Hartog. Second edition. 
McGraw-Hill Book Company, Inc., New York, N. Y., 1940. Cloth 
1 6 X 9in., xiv and 448 pp., $5. 


REVIEWED BY FRANK L. Scowarrz! 


LTHOUGH many hundreds of textbooks are published each 

year, few are what might be called outstanding. Examples 
of unusually successful texts are Granville’s “Calculus,” Good- 
j enough’s “Thermodynamies,”’ French’s ‘Engineering Drawing,” 
Gebhardt’s “Steam Power Plant Engineering,’’ Schwamb, Mer- 
rill, and James’s “Mechanisms,” and Merriman’s “Strength of 
Materials.”” Most of these texts are out of date, several have 
been rewritten, but all of them were superior to other texts in 
their respective fields at one time or another. Because of the 
specialized nature of the subject, Den Hartog’s “Mechanical Vi- 
F brations” will never reach the large volume of sales the aforemen- 
tioned texts enjoyed. However, it is a book that may well be 
classed as outstanding. 

The first half of the book deals with the dynamics of one, two, 
and many degrees of freedom. In the early chapters the differ- 
ential equations of motion are set up with approaches from several 
directions, vectors, algebra, complex numbers, electrical analogy, 
and similarity between linear and torsional vibration all being 
used. Then the resulting equations are solved and the results 
portrayed graphically. The knowledge of differential equations 
required by the reader is kept toa minimum. In fact, one needs 
to have only an understanding of the calculus to fully appreciate 
the mathematics involved although a course in differential equa- 
tions would be desirable. The solution of the equations of mo- 
tion is followed by illustrative problems and practical applica- 
tions, many of which have been drawn from the author’s per- 
sonal experience. 

The latter half of the book treats of applications to multicylin- 
der engines, rotating machinery, self-excited vibrations, and 
systems with variable or nonlinear characteristics. The applica- 
tions cover a wide range of subjects and in general are discussed in 
detail, 

The second edition brings the first edition up to date by the in- 
clusion of discussions on the more important advances made in 
the subject since the publication of the first edition. The dis- 
cussions of propeller vibration, propeller damping, balancing 


: machines, centrifugal pendulums, electrical measuring instru- 
; ments, and harmonic analysis have been amplified in the second 
edition. Tables for use with Runge’s method of harmonic analy- 


sis are added in the later edition. The sketches illustrating 
principles of balancing machines and vibration-measuring instru- 


ments are not as well drawn as might be desired and a discussion 
of the Thearle method of field balancing has been omitted. The 
number of problems has been extended and they are well graded. 

“Mechanical Vibrations” has been written with a view toward 
using it as a textbook in formal courses on the subject and as a 
reference book for practicing engineers. It attains both objec- 
tives admirably well. The text should be a valuable book to be 
used in conjunction with various machine-design courses. Me- 
chanical engineers in particular will find the book well adapted to 
their use. Most of the applications are those of machines, 


‘Instructor in Mechanical Engineering, School of Science and 
Technology, Pratt Institute, Brooklyn, N. Y. Mem. A.S.M.E. 
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prime movers, airplanes, automobiles, bearings, etc. _Numer- 
ous applications which appear in the design of ships are included. 
A relatively small number of pages contain discussions of vibra- 
tions in organ pipes, shells, and membranes although Rayleigh’s 
method is developed in detail. Earthquake shocks and building 
vibrations are omitted entirely. The bibliography is adequate. 
It contains a list of the most important references on the subject 
but makes no attempt toward being complete. 

This book has been written with the thoroughness and sim- 
plicity by which the author is known as a teacher. It emphasizes 
fundamental principles and treats practical applications in an 
interesting style. One questions why the author should be so 
modest as to omit his name from reference articles in the bibliog- 
raphy of which he is the author. In other articles in which he is 
coauthor he has replaced his name by “et al.” 


Spectroscopy and Its Applications 


PROCEEDINGS OF THE SEVENTH SUMMER CONFERENCE ON SPECTROS- 
copy AND Its Appiications. A Publication of The Technology 
Press, Massachusetts Institute of Technology. John Wiley & 
Sons, Inc., New York, N. Y., 1940. Paper, 7'/4 X 10 in., viii 
and 154 pp., figs., $2.75. 


REVIEWED BY THomas A. WricuHt? 


THs volume is a compilation of some twenty papers pre- 

sented at the 1939 Summer Conference on Spectroscopy. 
The foreword by Prof. George R. Harrison, father of the 
conference, is in itself so excellent a review that the present 
reviewer finds it difficult to use other than Professor Harrison’s 
own words which comprise the next two paragraphs: 

“The reports have been arranged in the following order: 
First, a group of papers on the general background and methods 
of spectrographic analysis of materials; then papers on specific 
types of analysis; these are followed by papers on apparatus 
which has recently been developed for use in spectrographic 
analysis; next are papers on light sources and their study and 
control; then a group of papers on absorption spectrophotometry 
and its application to chemistry and medicine; and finally papers 
on miscellaneous spectroscopic subjects. 

“The most serious loss of the printed reports over their original 
verbal form arises from the omission of the discussions which 
followed each paper. Since no device has yet been perfected 
which will preserve the essence of a lively discussion, readers of 
this volume must perforce miss something which was available 
only to the 250 persons who were present at the Conference.” 

This conference is so broad in its scope, attracting workers in 
the field of spectroscopy as an art and as a science, ranging from 
astronomical through metallurgical to biological approach, that 
the volume is therefore a compilation of a number of varied 
papers. The educational value, therefore, is considerable. This 
is at once a real advantage and a disadvantage. There are a 
number of contradictions arising out of the varied experiences 
published, and published statements are made which seem to 
require further proof or are seemingly controverted by another 
author. It is of course quite natural that in a rapidly growing art 
there should be a certain amount of confusion—or apparent con- 
fusion. 


2 Secretary and Technical Director, Lucius Pitkin, Inc., New 
York. 
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Applications are given of spectroscopy, and spectrography in 
particular, showing the wide field covered by this new analytical 
tool of the chemist. They range from the historical to the 
highly technical or physical aspects. Most of the papers stem 
from university or research organizations, although four govern- 
ment departments and several apparatus manufacturers are also 
represented. At this particular conference papers on industrial 
application, for example, metallurgy, were in a minority but a 
description is included of the installation at the Ford Motor Com- 
pany, of spectrographic analysis at the U. 8S. Naval Torpedo Sta- 
tion, and of work on metals and allied materials as carried out at 
the Bell Telephone Laboratories. In general the papers empha- 
size emission excitation and measurement, and absorption spec- 
troscopy as applied to biological and related problems. 

The volume is then a valuable compilation which should be in 
any spectroscopist’s library. The reviewer joins with many 
others in expressing a hope that some means will be found in 
future publications of the proceedings whereby the discussions 
may be included. 


Graphical Treatment of Vibration 
and Aircraft-Engine Dampers 


GRaPHICAL TREATMENT OF VIBRATION AND AIRCRAFT-ENGINE 
Dampers. By C. H. Powell, Sc.D. Bookcraft, Brooklyn, N. Y., 
1940. Cloth, 6 X 9 in., 288 pp., 224 curves, charts, and diagrams, 
$7.50 


REVIEWED BY C. RicHARD SODERBERG? 


N the preface to his book the author advances it as a treatise 
on “Graphic Dynamics,” as a parallel to the well-known 
science of Graphic Statics. The book consists of two parts: 
Part 1 in which this vector treatment is introduced for the various 
combinations of mechanical elements, and Part 2 which covers a 
discussion of the four principal types of engine dampers. 

Apart from the fact that the vector method has been in general 
use for a long time, the object of the book is a worthy one, be- 
cause a clarification of the possibilities of this method for me- 
chanical systems would have considerable value. To be effective, 
however, such a treatment should endeavor to accommodate 
itself to existing nomenclature, at least when this nomenclature 
may be considered as well established. This is not the case, and 
the reader who is familiar with the existing literature on the sub- 
ject has to equip himself with a new set of symbols and notions 
in order to make use of the results presented. 

The purpose of the book is to develop the mechanical vibra- 
tion phenomena, usually described by linear differential equations 
and their solutions, by a set of graphical constructions without 
the need for differential equations. This purpose is difficult to 
reconcile with the use of Lagrange’s Equations in places where 
the ordinary conditions of equilibrium could be used to give the 
desired results, such as for example, in the development of the 
equations for the pendulum damper on page 264. 

The graphical method as presented limits itself to the steady- 
state phenomena of vibration systems. As a result of this limi- 
tation the book fails to develop the important aspect of free 
vibrations of damped systems. The concept of evaluating the 
damping by the logarithmic decrement, or the distinction be- 
tween periodic and aperiodic systems, is thus absent from the 
presentation. It also seems strange that the practically important 
problem of vibration isolation is not mentioned, although this 
lends itself very well to the vector treatment. The important 
class of vibration phenomena known as self-existed vibrations 
are also not mentioned, nor is there any reference to systems 


? Professor of Applied Mechanics, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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with distributed mass. In the elementary treatment one searches 
in vain for any reference to the characteristics of systems with 
several degrees of freedom, although such systems are of funda- 
mental importance in eonnection with engine dampers. 
Numerous diagrams are presented in the book. These diagrams 
represent solutions of the various problems discussed in connec- 
tion with the engine dampers. In many instances they confuse 
rather than clarify the problems which they illustrate. While no 
careful check of these diagrams has been made, some of them 
reveal errors, such as for example, Fig. 125 on page 153, in which 


the distance CD should be (e — 1)//1 + c?x?. The real purpose 
of many of these diagrams is not entirely clear, because they add 
nothing to the understanding of the physical phenomena, which 
is not apparent from the equations upon which they are based. 
The diagram on the cover, involving a three-dimensional repre- 
sentation of the solution of a system with two degrees of free- 
dom, can have only ornamental value. 

It is to be regretted that the great amount of work which has 
gone into the preparation of this book could not have made xu 
better case for the vector treatment of vibration problems. 


Surface Finish 


FRICTION AND SuRFACE FiIntsH. Proceedings of the Special Summe 
Conferences at M.I.T., June 5-7, 1940. 244 pages, 8'/, & 11 in. 
Reproduced from typescript. 


REVIEWED By H. W. Gitierr* 

HETHER or not he attended this highly successful con- 

ference, anyone interested in matters relating to mating 
surfaces will want these Proceedings to study at leisure. Theory 
starts by considering such surfaces as mathematically smooth, 
whereas actual surfaces are not smooth. The engineering imp!li- 
cations due to deviation from smoothness were tackled at this 
conference. Measurement of evaluation of smoothness, in such: 
fashion that a reasonably accurate description of the surface may 
be transmitted from one engineer to another, underlies any serious 
attack on the wider problem, so considerable attention was given 
to schemes of measurement and their limitations. Though one 
has to read the complete text, rather than only the particular 
papers dealing with that phase, to get all the angles, the whole 
text comprises the best existing appraisal of all those angles. 

The sort of surfaces produced by various finishing methods, 
turning, grinding, lapping, honing, and “superfinishing” are dis- 
cussed in terms of roughness, scratches, fuzz, and of the underly- 
ing cold-worked layer produced in varying degrees by various 
methods of finishing. As a corollary, the quantitative evaluation 
of abrasive stones was also discussed. 

Finally (although scattered throughout the text) there was con- 
sidered the effect of various degrees of perfection of finish upon 
wear, galling, seizure, dry friction, lubricated friction, bearing be- 
havior, and sketchily, upon corrosion and fretting corrosion. 

Naturally, lubrication, oiliness, and extreme-pressure lubri- 
cants entered the discussion as well. Not all of these topics were 
settled once and for all. Far more questions were raised than 
were answered, and it is this that makes the Proceedings s« 
valuable, since the talks and the discussions are extremely 
thought provoking. The informality of the meeting fostered the 
presentation of ideas and observations, often fragmentary, but 
worth following further, that would not have come out in more 
formal circumstances. 

One can defy any mechanical engineer or metallurgist to read 
these Proceedings without getting new facts, new ideas, and much 
food for further thought. It’s the sort of thing that will well bear 
rereading once a year. 


* Battelle Memorial Institute, Columbus, Ohio. 
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FIG. 1 
SOLID CYLINDER WITH FINITE BAND OF 
UNIFORM PRESSURE OF ANY LENGTH 
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STRESSES IN CYLINDER A SUFFICIENT 
DISTANCE AWAY FROM SECTION A-A 
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FIG. 5 
PERIODIC -LOAD DISTRIBUTION 
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FIG. 2 


CYLINDER OF INFINITE LENGTH ACTED UPON BY RING OF 
AXIALLY SYMMETRICAL CONCENTRATED FORCES 
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CHAIN OF CYLINDERS 
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FUNDAMENTAL CASE TO BE SOLVED 


The Circular Cylinder With a Band of 


Uniform Pressure on a Finite Length 
of the Surface 


By M. V. BARTON,? ITHACA, N. Y. 


The solution to the fundamental problem of a cylinder 
with a uniform pressure over one half its length and a 
uniform tension on the other half is found by using the 
Papcovitch-Neuber solution to the general equations. In 
this paper, the results, given analytically in terms of in- 
finite-series expressions, are exhibited as curves giving a 
complete picture of the stress and deformation. The case 


HE PROBLEM of the solid cylinder with a finite band of 

uniform pressure of any length Fig. 1 (excepting very small 

ones), can be solved by the superposition of two loadings of 

the type, shown in Fig. 6, at different origins. The solution of 
this problem is considered in this paper. 

The curves, in Figs. 9 to 24, show the main features of the stress 

distribution. For these figures, ¢, is the radial stress, a9 is the 


1 From a thesis submitted to Cornell University in partial fulfill- 
ment of requirements for degree of Doctor of Philosophy. 
“ Assistant Professor of Mechanics of Engineering, Cornell Univer- 
sity. 
Presented at the National Meeting of the Applied Mechanics 
Division, Philadelphia, Pa., June 20-21, 1941, of Tae AMERICAN 
Society or MECHANICAL ENGINEERS. 


of a cylinder with z band of uniform pressure of any length, 
with the exception of very small ones, is then solved by the 
method of superposition. The stresses and displacements 
are evaluated for the special cases of a cylinder with a uni- 
form pressure load of 1 diam and '/2 diamin length. The 
problem of a cylinder heated over one half its length is 
solved by the same means. 


tangential stress, c, is the stress in the direction of the axis of the 
cylinder, and +,, is the shear stress in the radial direction on 
planes perpendicular to the cylinder axis, r and z being cylindrical 
coordinates. 

For a loaded length of one half the diameter of the cylinder, 
Fig. 22, it is noticed that the tangential stress at the surface 
reaches a value about 10 per cent higher than the applied pressure 


Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1941, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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SEGMENT IN CYLINDER 


RADIAL STRESS 
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STRESS DISTRIBUTION AT CROSS-SECTION z=2 


loading. The surface axial stress just outside the loaded portion 
attains a tensile-stress value of about 45 per cent of the applied 
pressure. This kind of stress may be of importance in an actual 
shaft in bending with a shrink-fit collar. 

Fig. 25 shows the distribution of pressure required to produce 
a uniform radial displacement of the cylinder surface under the 
load. As may be expected, the pressures at the ends of the 
loaded interval become very high for this case. 


History OF PRoBLEM AND METHOD OF SOLUTION 


Several approaches have been made to this problem. Fdéppl 
(1)? solves the problem of a cylinder of infinite length on which a 
ring of axially symmetrical concentrated forces act, Fig. 2. His 
solution, however, taken in the form of a Fourier integral, contains 
singularities on the circle of application of the load. This makes 
it unfeasible to extend the solution to the case of a uniform pres- 
sure on the surface. Freudenthal (2) extends the solution to the 
case of rings of concentrated forces placed at regular intervals 
along the length of the cylinder. 


3 Numbers in parentheses refer to Bibliography at end of paper. 
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STRESS DISTRIBUTION AT CROSS-SECTION z=3 
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In order to avoid the difficulties introduced by the Fourier 
integral solution, the present solution is taken in the form of a 
Fourier series, since it is possible to reduce the problem, as shown 
in Fig. 1, to one of periodicity. 

Consider a long solid circular cylinder with a uniform pressure 
applied to the curved surface for one half its length, the other 
half of the cylinder remaining free from load, Fig. 3. If the cylin- 
der is cut in two at the section A-A so that two separate cylinders 
(a) and (6) exist, one with a uniform pressure applied on its curved 
boundary and the other free of load, then the stresses in the two 
pieces are known. The stresses in the cylinder (a) with the axially 
symmetrical uniform pressure are 


o, = 0 = —p; 


The stresses in the unloaded cylinder (6) are zero. 

If these two cylinders are now brought together end to end they 
will not fit together exactly because the diameter of the left por- 
tion has been shortened in relation to the diameter of the right 
portion. A system of forces must exist on the ends in contact of 
the two portions (a) and (b) in order to have continuity of the 
material where they join. Assume such a force system exists on 
the two ends in contact. The right portion (b), of the whole 
cylinder that is free of load on the curved boundary must be in 
equilibrium, hence the forces acting on the circular end must have 
zero resultant. The corresponding forces on the right circular 
end of the piece with the pressure loading (a), are reactions to 
those acting on the right portion (b) and therefore their resultant 
must also be zero. According to the principle of Saint Venant, 
these forces with zero resultant, acting on the circular ends of the 
two cylinders in contact, produce strains of negligible magnitude 
at distances which are large compared with the linear dimensions 
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of the loaded end. Hence, several diameters away from the 
junction of the two cylinders, A-A, the stresses in the left portion 
(a), in Fig. 3, will approach those given in Equations [1]. The 
stresses in the right portion (b) at a corresponding distance will 
be practically zero. 

The cylinder, shown in Fig. 3, may therefore be cut off at a cer- 
tain distance to the left and to the right of section A-A (dashed 
lines) without appreciably changing the stress distribution. A 
cylinder of finite length with no forces acting on the circular ends 
thus results. A chain of these cylinders may be formed, as shown 
in Fig. 4. No forces need be added to make the resulting long 
cylinder continuous because the configurations of adjacent joining 
circular ends are identical. Such a joining of cylinders results in 
a cylinder of indefinite length with a periodic pressure loading 
applied to the curved surface. . 

For convenience, an axially symmetrical uniform tension load 
of one half the magnitude of the pressure load is superimposed on 
the loading shown in Fig. 4. The load system then becomes a 
periodic distribution of compressions and tensions, Fig. 5. By 
selecting the period of the loading of sufficient length, the stresses 
at sections C-C and B-B, Fig. 5, are substantially as given in Equa- 
tions [1]. The load may then be considered as extending indefi- 
nitely in a uniform manner to the left and right of section C-C 
and B-B without influencing the stresses in the neighborhood of 
section A-A. This brings us to the loading shown in Fig. 6, 
which is the true fundamental case to be solved and from which 
the loading shown in Fig. 1, may be obtained by superposition. 
It should be remembered, however, that the stresses in the neigh- 
borhood of A-A have been determined by use of the periodic load- 
ing. Uniform distribution of any finite length of load on the 
cylinder may be determined by superimposing two loadings of the 
type shown in Fig. 6, at different origins. Hence, if the loading 
with origin displaced any distance | (except very short ones) is 
added to the case with the origin unchanged, the case of a uni- 
form pressure of length / results. 

It would have been possible to solve the case, illustrated in Fig. 
4, directly by using the periodic loading. A separate calculation, 
however, would have been required for each different loaded 
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length. The solution of the fundamental case, shown in Fig. 6, 
makes it possible to solve any such problem, whatever the rela- 
tion of the loaded length to radius, without repeating any calcula- ds 
tions. 

RELATION TO TEMPERATURE PROBLEM 


The results of the stress problem with the uniform pressure 
loading over part of its length, shown in Fig. 3, may be used to 2.0 
determine the stresses that would exist in a circular cylinder hot io 
along one half of its length and cold along the other half. 

Consider a long cylinder with the temperature uniform through- 
out its length. Cut the cylinder into two parts and apply heat 
to the left-hand portion so there is a uniform temperature differ- 
ence 7, between the two pieces. The heated half will expand. 

The radial expansion of this part may be reduced to zero by apply- 


EsT 
ing an external pressure of p = —, where 8 = coefficient of 
we 


expansion, and »y = Poisson’s ratio. The stresses in the heated 
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1—», 
o, = Try = 0. The stresses in the unheated half would all be 
zero. The two parts will now fit exactly together to form a single 
long cylinder. Superimpose on this cylinder an external tensile 


part due to this pressure would therefore be o, = og = — 


EsT 
load of p = 1 . over the heated part so that the distribution of 


load is the same as shown in Fig. 3. The external loads thus can- 
cel each other and only the effect of the heat remains. 


DERIVATION OF EQUATIONS 


The equations of equilibrium in terms of the Cartesian dis- 
placements £, 7, and ¢ are three of the type 


@ ave =0 
oz 


vE re) ro) 
E 
2(1 + ») 
~ Or Oy oz 


The Papcovitch-Neuber (3, 4) general solution for the equations 
of equilibrium is 


_! 92 
re) 


where yi, ¥s, and are any harmonic functions, i.e., = 0 
forn = 1, 2,3, 4. Equations [2] are transformed to cylindrical 
coordinates so that 


1 
u= 


(yar cos + yor sin 6 + Yaz + yu) 


1 1 


ra) 
(vir cos + yar sin + + Yu) 


1 


h~ 


fe) 
(yur cos 6 + yar sin @ 


+ + | 


where u, v, and w are displacements in the radial, tangential, and 
axial directions, respectively. In this case ¥2, ¥s, and 
must satisfy the equation of Laplace in cylindrical coordinates 


oe 10 1 3? 


For axial symmetry of a solid cylinder the y functions are taken 
in the form 


vi = cos = os 
¥2 = ¢: sin va = 
where ¢y, ¢2, and ¢s are functions of r andz only. For periodicity 


of loading ¢; = 0 and, since v1, ¥2, and y; must be harmonic, ¢; 
and must satisfy 
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For periodicity, ¢: and ¢2 are taken as 
= hi sin kz 
= sin kz 


where f; and f are functions of r only. Hence, the equations for 
the displacements become (for the solid cylinder) 


v0=0 


> + Blo(kr)| sin kz 


where A and B are arbitrary constants and J; and J, are modified 
Bessel functions. 

Substituting these values of displacement into the expression 
for the stresses in terms of the strains 


o, = re + 
oo = + 
o, = Xe + 2Ge, 
Gr, 
where ¢= = 


Yre ar 
gives 
+ (3— | + Bk | sin kz 


{ 4[ 4a — | 


BkIi(kr) 


.. [5] 
sin kz 


o, = {A[k*rl,(er) + 2vkIo(kr)] + BkZo(kr)} sin kz 


Tre = {A[2k(» — 1)Ii(kr) + k*rTo(kr)] 
+ Bk'I,(kr)} cos ke | 
and the displacements become 


u {A[4(1 — »)I,(kr) — krIo(kr)} 
BkI,(kr)} sin kz ... [6] 


w= { AkrI,(kr) + BkIo(kr)} cos kz 


Bounpary ConpITIONS 
The conditions on the surface of the cylinder are shown in Fig. 
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5. The origin of loading is taken at section A-A. It has been 
shown that, if the period of the loading is taken sufficiently great, 
the stresses which exist at sections C-C and B-B are essentially 
those given in Equations [1]. The longer the period taken, the 
better the approximation to this condition. The longer the 
length of the period chosen, however, the slower the convergence 
of the series representing the loading and, hence, the more difficult 
the numerical evaluation. A period of 8a, where a is the radius 
of the cylinder, gives a satisfactory compromise between these 
two conditions. 
The conditions on the surface of the cylinder are 


— for0<2< 4a 


5 for da < 2 < 8a 


(tr)r=a = O for every z 


The Fourier series representing the pressure distribution on the 


surface is 
2 1 
=— — sin kz 
n 
n=1,3,5 
nr 
k= — 
where 


The arbitrary constants A and B are determined from the two 
boundary conditions. One relation between A and B is obtained 
by equating the value of o, at r = a to the typical term of the 
foregoing load series. The second relation between the constants 
is obtained in a similar manner from the second boundary condi- 
tion. These relations are solved simultaneously for A and B. 
The values of A and B are then substituted in the expressions 
for the stresses and displacements Equations [5] and [6]; hence 


Stresses: 
i(ka) nm sin kz 
n=1,3,5 
Ne 
I,(ka) nm 
[7] 
_2 I,(kr) N, in kz 
I, (ka) nm 
n=1,3,5 
ta 2 Ne 
n=1,3,5 
Displacements: 
| 
aG I;(ka) nm 
n=1,3,5 
To(ka) To(kr) | 
>... [8] 
I,(ka) nm 
#=1,3,5 
Io(ka)] Io(kr) 


where 
k= 
N, = E 2(1 — ») — — ka 
No = — ») + ka + (2» — 1)ka 
Mor + [2 
EVALUATION 


Evaluation of Stresses. All evaluations are made using v = 
0.3 and E = 30 X 10* psi. It is possible to evaluate the stresses 
near the axis of the cylinder or for small values of the ratio r/a 
by direct summation of the series. The values of the stresses 
o,, o@, and a, for r/a = 0 to r/a = 0.6 are obtained by summing 
ten terms of the series expressing the stresses, Equations [7]. The 
shear stress r,, is evaluated directly for r/a = Oto r/a = 0.4. 

The expressions for the stresses become more and more slowly 
convergent as the surface of the cylinder is approached. This is 
evidenced by the fact that the radial stress at the surface must 
have the same kind of discontinuity as the load distribution. 

The method of evaluating the stresses in the region, where the 
convergence of the series is slow, consists of removing the slowly 
convergent part in the form of a series whose sum is easily expres- 
sible in finite form. 

The coefficients of this summable series are taken as the asymp- 
totic form of the stress-series coefficients. The modified series, 
whose coefficients are the difference between the original stress 
coefficients and their asymptotic values, is more convergent than 
the original series. Hence, the expressions for the normal stresses, 
Equations [7], have the form 


n= 1,3,5 
I,(kr) N 


— (refer to 


where js the asymptotic form of nm 


Equations [9]), and « = - 


In each case S may be found in finite form, where 


S = ve sin kz 
n=1,3,5 


The same procedure is followed for the shear stresses but in this 
case S has the form 


S= ve cog kz 
n=1,3,5 


The value of y corresponding to a definite N is defined by the 
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is 
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1, (kr) N 
I,(ka) nm’ 
to modify it so as to make the difference between the coefficient of 
the original series and ye~**(! —@ as small as possible for as large 
an nas it is feasible to carry in the summation. This procedure 
I(kr) 
I,(ka) nm 
at the tenth term of the series is very small and is approaching 
zero.at the same time ye**('—®) js also small and approach- 
ing zero at about the same rate. Hence, as the difference of these 
coefficients is small, and the series is oscillating in plus and minus 
terms, the error in the summation cannot be any greater than the 
sum of the last group of terms of the same sign taken in the sum- 
mation. 

The stresses at the surface of the cylinder cannot be evaluated 
in the same manner as those just below the surface. At the sur- 
face a = 1 and the function e**(!-@ equals unity so that the 
series S is no longer convergent. 

The radial stress at the surface is known and is equal to the 
loading. The slowly convergent part of the tangential stress, o9 
is removed by subtracting a proportion of the load at the surface. 
Hence for r = a 


Me — sin eb + 
nm 


n=1,3,5 


asymptotic form of It was found preferable, however, 


for selecting y is valid because the value of the coefficient 


where S is the value of the radial stress at the surface. 
In a similar manner at r = a 


sin + 8 
Pp nm 


a=1,3,5 


The shear stress on the surface has been specified as zero. 

The surface stresses may thus be evaluated everywhere except 
at points where they become discontinuous. The radial stress at 
the surface is known to be discontinuous (section A-A, Fig. 5) 
and, hence, the values of the other stresses must be examined at 
this same point of discontinuity. The discontinuities of the 
stresses in the cylinder are obtained by a comparison with the 
known stresses in the semi-infinite body with similar loading. 

Goodier‘ shows that for a small segment aobc in the axial plane, 
Fig. 7, of the skin of the cylinder, the general equations are the 
same as those for a similar segment of a semi-infinite body in 
plain strain, Fig. 8. 

Consider the small segment aobe in the axial plane of the cylin- 
der. The stresses along the curved boundary acb contain no dis- 
continuities. Superimpose on the boundary of the segment 
a’c’b’ in the semi-infinite solid the regular force system which is 
required to make the stresses on this boundary the same as for the 
similar boundary acb of the cylinder. No new discontinuities in 
stresses have been added to the semi-infinite body, hence, the dis- 
continuities that exist there exist also in the cylinder. 

The equations for the segment of the semi-infinite solid and the 
cylinder are the same; the boundary conditions have been made 
the same without introducing discontinuities, hence, the stresses 
within the region of the segment of the two systems are identical. 
The discontinuities that exist in ¢,, ¢,, and r,, in the semi-infinite 
body also exist in ¢,, ¢,, and r,, in the cylinder. 

Goodier (5) shows that in the semi-infinite body o, = o, at the 
surface, hence, for point O on the cylinder surface the discontin- 
uity in o, equals the discontinuity in ¢,. For a discontinuity in 
o, equal to p the discontinuity in ¢, is also equal to p. 


‘ Refer to the Appendix. 


The tangential stress in the axial segment of the skin of the 
cylinder must satisfy the relation 


Eeg = o9 — + 
But ¢ = : and u is antisymmetrical about the origin (section A-A, 
r 
Fig. 6), hence ~- 0 for the small patch considered and 
r 


7 = v(o, + 


Therefore, if 7, and ¢, are discontinuous, then og is also. Fora 
discontinuity of p in each of o, and o,, the corresponding discon- 
tinuity in og is 2vp. Since og is an odd function, this requires that 
it have a value +vp just to one side of the origin and —vp just to 
the other side, as in Fig. 11. 

Another result of the plane-strain case given by Goodier is that 
the shear stress along the line y = 0 (Fig. 8) reaches a value of 


a as the surface is approached and then drops abruptly to zero 
at the surface. The discontinuity in the shear stress in the cylin- 
der must therefore also be — P for an applied pressure p. 
us 


Evaluation of Displacemenis. The value of the radial displace- 
ment of the surface of a cylinder with axially symmetrical uni- 
form pressure is 


- 
= v) 


Taking the ratio of this displacement with the displacement given 
by Equations [6] when r = a gives 


— sin kz 
Uo T nm 


n=1,3,5 
w 4a + v) 
Uo — v) nm 
n=1,3,5 
Io(ka) | Io(ka) 
{i [2a —v) —ka | cos kz 


These series may be evaluated by direct summation. 

Term u/uo equal to unity has the significance that the radial 
displacement of the surface of the cylinder with the periodic pres- 
sure loading is the same as the radial displacement of the surface 
of the cylinder with uniform pressure load. 

The distribution of pressure intensity, causing uniform radial 
displacement of the surface under the loaded part, is found by 
superposing loads of varying magnitude acting over small ele- 
ments of surface. The radial displacements at eight points on 
the cylinder surface, due to a pressure load acting on a length of 
surface of a/8, were found and added to the displacements pro- 
duced by seven similar loads of arbitrary intensity filling the 
loaded area. The amounts of these loads were determined to 
make the displacements constant at eight points on the surface. 
The resulting load elements with a fair curve drawn through them 
are shown in Fig. 25. On account of the correspondence with 
the known pressure distribution required to produce uniform dis- 
placement of a straight boundary for the semi-infinite body given 
by Sadowsky (6), the end values of the pressure must be infinite. 

The period of the loading was selected so that the stresses would 
be essentially those given by the Lamé solution, Equations [1], 
at the center of the loaded interval. How nearly this condition 
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is realized is shown in the following table. Values are all taken 
at the cross section through the center of the loaded interval 
(section B-B, Fig. 5). 


Lamé solution Periodic load solution 


o,/p —0.5 —0.499 to —0.508 
o9/p -0.5 —0.503 to —0.508 
o,/p 0 —0.0024 to +0.0076 
Tre/P 0 0 
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Appendix® 
CoRRESPONDENCE BETWEEN AXIALLY SYMMETRICAL, AND Two- 
DIMENSIONAL Stress SYSTEMS 


The equations of elastic equilibrium with no body forces, in 
cylindrical coordinates r, z, may be written 


de ou. wv. 
de 1 dw , 


where e is the dilatation. 
Consider a small region in the r-z plane in the neighborhood of 
the point (R, O). Let c be a representative linear dimension of 
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this small region. Let r = R + where zis small compared with 
R. Put & = 2/c,n = z/c. Then, however small c is made, ¢ and 
n have the same range within the small region. Also put « = 
c/R. 

A solution of the equations within the small region will be deter- 
mined by the conditions on its boundary, and will depend upon 
cand R, therefore on ¢, which is small. Suppose this solution, in 
so far as it is a function of ¢, to be developed in power series in «. 
Then as « — 0 the solution tends to a limit represented by the 
leading terms in the series. We therefore put 


U= Uo t+ et + + 
w= Wo + ew; + + 


andr = (R + xz) = R(1 + et). Regarding uo, w, etc., wo, w; 
etc., as functions of £, » rather than r, z, the equations can now be 
expressed in terms of « and quantities independent of «, and the 
left-hand sides can in fact easily be written as power series in «. 
These power series are to vanish for a range of values of ¢, and so 
each coefficient vanishes. Taking the leading coefficients only 
we obtain 


+ a 2 ) (= 

and the corresponding cyclic successor. But these are the equa- 
tions of plane strain for uo, wo as displacements. 

It is an essential feature of this argument that the range of z 
is taken as small, as well as the range of xz. If the range of z is 
made to approach zero with ¢ as given, but the range of z is left 
unrestricted, then the equations satisfied by wo and wo are no 
longer those of plane strain. 

It is easily verified that the leading terms in the strain series 
also correspond to plane strain with displacements uo, wo. Thus 
we have the conclusion that the displacements and stresses in a 
small region of the r-z plane are those of the corresponding plane- 
strain problem, provided the boundary conditions also corre- 
spond. 

If we take the small region at the boundary of a cylinder, Fig. 
7, the conditions on the boundary of the cylinder itself are given, 
but we cannot in general say what are the conditions on the 
internal boundary of the small region. Nevertheless, it may be 
shown, as in the paper, that discontinuities in stress components 
at the cylinder surface will be exactly the same as in the corre- 
sponding plane-strain problem. It will also be evident that this 
conclusion holds for solids of revolution other than the cylinder, 
bounded by other curves in the r-z plane. 
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Temperature Effects in a Laminar 
Compressible-Fluid Boundary 
Layer Along a Flat Plate 


By H. W. EMMONS! anp J. G. BRAINERD,? PHILADELPHIA, PA. 


In this paper the two-dimensional boundary-layer 
problem of the steady laminar flow of a perfect gas along a 
thin flat insulated plate has been solved for a wide range of 
gas velocities and properties. It is found that compressi- 
bility and Prandtl] number do not introduce any new phe- 
nomena, but do alter the drag on the plate, the equilib- 
rium temperature of the plate, and the velocity and tem- 
perature distribution through the boundary layer. The 
drag coefficient for the plate is given by Equation [24] 
together with Fig. 2. The temperature of the plate is 
given by Equation [27 a or b], and approximately by 
Equation [26] or by Figs. 3 or 4. Typical velocity and 
temperature distributions are given in Figs. 5 to 10, 
inclusive. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = constant; refer to Equation, [27a] 

a, = (yp:/p:)'/* = the acoustic velocity in undisturbed 
stream 

(y — 1)M,? = compressibility number 
breadth of plate 

constant-volume specific heat 
constant-pressure specific heat 

drag coefficient 

internal energy per unit mass 

vector body force per unit mass 

thermal conductivity 

length of plate 

u,/a, = Mach number of undisturbed stream 
pressure 

cyu/k = Prandtl number 

u,Lpi/u = Reynolds’ number 

gas constant 

time 

absolute temperature 


1Towne Scientific School, University of Pennsylvania. Jun. 
A.S.M.E. 

3 Moore School of Electrical Engineering, University of Pennsyl- 
vania. 

* Subscripts and primes: A subscript 1 indicates a condition in 
the undisturbed stream; a subscript 0, a condition at the plate wall, 
1.e., at» = O for z finite; a prime denotes differentiation with respect 
ton; following a notation used by others, the expression u = 0, when 
used as a subscript, always denotes the stagnation condition of the 
undisturbed stream—it should not be confused with the condition 
u = 0 at the plate wall in the boundary layer. 

Presented at the Annual Meeting, New York, N. Y., Decem- 
ber 2-6, 1940, of Tae American Society oF MECHANICAL 
ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1941, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


velocity component in X direction, along plate 
u/u, = dimensionless velocity along plate 
velocity component in Y direction, perpendicular to 
plate 
= vector velocity with rectangular components u, v, w 
= v(z/vu)'/? = dimensionless variable containing 
velocity perpendicular to plate 
X,Y,Z = rectangular coordinate axes 
= rectangular coordinates of a point 
y = ¢,/¢, 
= thickness of velocity boundary layer 
5, = thickness of temperature boundary layer 
n = y(u/»2)'/* = dimensionless variable, proportional 
to distance from plate wall at a fixed z 
u = absolute viscosity 
v = u/p = kinematic viscosity 
= —2V = velocity variable 
p = mass density 
rt = shear stress 
o¢= 


u 
U 
v 


xe 


dissipation function 
= stress dyadic 


Tue GENERAL PROBLEM 


A thin flat insulated plate, inserted in a stream of fluid parallel 
to the undisturbed direction of the stream, experiences a drag 
and assumes the temperature required for equilibrium with the 
moving fluid. The drag is related in a simple manner to the vis- 
cosity and the velocity gradient perpendicular to the wall. The 
temperature, however, is not only dependent upon the viscosity 
and velocity gradient, which together regulate the dissipation of 
energy, but also upon the thermal conductivity, i.e., upon the 
flow of energy from the regions of high dissipation. In fluids hav- 
ing a very small viscosity and thermal conductivity, the dissipa- 
tion effects are located in a region very close to the plate, in the 
boundary layer first studied by Prandtl. 

Blasius (1)* assuming the effect of temperature variation on the 
density of the fluid negligible (the assumption is substantially 
correct for a perfect gas at very low velocity), determined the 
velocity distribution in the boundary layer and obtained a theo- 
retical relation for the drag on a flat plate. Using Blasius’ ve- 
locity distribution, Pohlhausen (2) deduced an expression for the 
temperature variation through the boundary layer for several 
different values of the Prandtl number of the gas. 

Busemann (3) has derived a general differential equation for the 
velocity distribution in a laminar boundary layer, including the 
effects of temperature. For the simplified case of Prandtl 
number = 1 he gave a few special solutions. Von Kaérmdén and 
Tsien (4) have given a more comprehensive set of solutions for 
the velocity distribution in a compressible-fluid boundary layer. 
They also assumed Prandtl number = 1. The problems of tem- 
perature measurement and heat transfer were both considered. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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SoLuTions BY DIFFERENTIAL ANALYZER 


The present paper is devoted to the determination of the ve- 
locity and temperature distributions in the boundary layer when 
the temperature variation is taken into account and the Prandtl 
number is not assumed = 1. The solutions of the equations ap- 
plicable to the problem have been obtained on the differential 
analyzer at the University of Pennsylvania. 

Consider a gas streaming in the +X direction, and let there 
be in the stream a thin flat insulated plate of indefinite extent in 
the +X and in the +Z directions, with the line x = y = 0 (Z 
axis) for its edge, Fig. 1. The general equations applicable to a 


Fic. 1 Diagram SHow1ne Axes USED, AND DIRECTION OF STREAM 


Fiow (ui) Outsipe BounparY LAYER (THICKNESS 56) 


problem of this type are, in the Gibbs vector notation, assuming 
the viscosity u and the thermal conductivity k constant 


V-(pv) + dp/dt = 0 
pov/dt + pv-Vv = pF — Vp (1/3)uVV-v + 
V-(Epv) = + 
p = pRT and E = ¢,T (for a perfect gas) 


Here p is the density and v (rectangular components u, v, w) is the 
vector velocity of the fluid at any point, p the mean pressure, 7’ 
the temperature, F the vector body force per unit mass, y the 
stress dyadic, E the internal energy per unit mass (denoted by U 
in engineering thermodynamics), » the viscosity, k the thermal 
conductivity, R the gas constant, and c, the specific heat per 
unit mass at constant volume. The four quantities u, k, R, and 
¢,, are considered constants,’ and a perfect gas has been as- 
sumed. In the present two-dimensional problem, the basic equa- 
tions, taking F = 0 and assuming steady-state conditions, be- 
come: 
1 Conservation of matter (5) 


(ou), _ 
oz oy 


2 Conservation of momentum (6) 


ou (™ 


5 Busemann (3) takes » proportional to T'/? as indicated by kinetic 
theory, while von K4rm4n also considers the case of « « 7°-76 as more 
nearly correct for actual gases. The simpler assumption » = constant 
has been taken for the work of this paper. 
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3 Conservation of energy (7) 


ou ov eT 


where ¢ is the dissipation function 


4 Equation of state 
p = pRT and E = ¢,T 


Let the properties of the undisturbed stream be denoted by 
subscript 1; in particular, let its velocity be wu. The usual bound- 
ary layer assumptions are that the transition from u = 0 and T 
= T> at the plate wall to u = u, and T = 7’ far from the plate 
occur effectively and continuously within a very thin region 
next to the plate (8). The order of magnitude of the terms in 
Equation [2a] shows that the thickness 6, of the velocity layer 
must be of the order of (zu/wp,)'/%. Similarly, Equations [3] 
and [4b] show that the temperature variations are confined to a 
region of thickness 57 which is of the order of magnitude (zk/ 
ucypi)'/*. Since c, and ¢, are of the same order for a perfect 


gas 
ty k k 


where Pr is the Prandtl number. The boundary layer assump- 
tions can now be stated in the useful forms 


(Pr)'/? = 1 
Thus, except for low stream velocities (u,; — 0) or for positions 
near the leading edge of the plate, 57 ~ 5, = 6, and 4 is taken 
< _zx, good approximations for all real gases. 

Approximating on the basis that 6, the maximum value of 
in the boundary layer, is< 2, and that »< uw, Equation {1} re- 
mains unchanged and Equations [2], [3], and [4] yield 


Equation [7b] gives the order of magnitude O of dp/dy;_ it 
likewise indicates the order of magnitude of the error involved 
in taking Op/Oy = 0. That dp/dz may be taken as negligible is 
an assumption considered appropriate to the problem at hand. 
Using p = pRT to eliminate p, Equations [1] and [7] now become 


r (+3) 


| 
dz 
: 
Ou 
2 (ou, E oy 
2 Ou | 
3 — + 
hoes: | 
| 
| 
(5) 
~ 
Pap. 
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dy or ar), 
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where y = ¢,/c,. These approach the equations which deter- 
mine the present problem. They are yet, however, in a difficult 
form to handle, « fact which can be circumvented by introducing 
a final and basic assumption, e.g., that the phenomena all de- 
pend upon one and only one independent variable, proportional 
to y/+/z. Ageneral transformation from z, y to new independent 
variables in Equations [8] would leave them as partial-differen- 
tial equations. If, however, one of the independent variables 
is chosen proportional to y/+/z the three partial-differential 
Equations [8] can be reduced to the ordinary Equations [10], 
which follow, and a solution can be found satisfying all the 
boundary conditions and involving this as the only independent 
variable. The choice of the variable may be considered to be 
roughly indicated by the order of magnitude of the boundary- 
layer thickness 6, already mentioned. 


Define = Pr; n= U = u/m; V = vo(z 


then 0(nU’ —2V’) = —2V).......... [10a] 

nU’ — 2V’ + 2(y — 1)Mi2U"? + (2/Pr)e” = 0... [10e] 
where primes denote differentiation with respect to 7; MM, = 


u;/a; is the Mach number of the undisturbed stream; and a; = 
(yp:/p)'/? is the acoustic velocity in the undisturbed stream. 
The Reynolds number does not occur explicitly but may be 
considered to be included in V and in 7. 

The frequent occurrence of 7U — 2V suggests the introduction 
of a new dependent variable & = »U — 2V 


whence 
[12a] 
(2/Pr)e” + —U + 2(y = 0...... [12¢] 


Equations [12a, b, c] are of order 1 in &, 2in U, 2 in 6, respec- 


tively. Hence, there must be five boundary values, which are 
(for finite z): 
at n = O(y = 0) 
u=0 orU=0-. | 
v=0 orV=0 
== oO = 
oy 
at n— o(y— 
or U>1 
or@—l 


It is important to note that Equations [12] are in no way 
critical at M,; = 1. Thus, solutions of the boundary layer ‘prob- 
lem are of the same general nature for fluid velocities above and 
below that of sound. The fact, as will be shown later (Fig. 10), 
that the main stream must acquire a small Y component of 
velocity, means that it must turn through a small angle in order 
to pass the plate. For fluid velocities less than sound velocity, 
this occurs by a slight modification of the potential flow. For 
fluid velocities above sound velocity, the turn can only be ac- 
complished by a small oblique compression shock which, for prac- 


tical purposes, appears as two Mach lines trailing from the 
leading edge of the flat plate. Several relations between the 
variables follow directly from Equations [12] 


d? 
d 
[146] 
dy 
0” — (PrU"'/U')e’ + bPrU"? = 0............ [15} 


where b = (y — 1)M,2. Equation [14a] gives @ in terms of U; 
Equation [146] then gives — (hence V) in terms of U; Equation 
[15] is linear in @ and yields a second expression for @ in terms 


of U 
@=1+ f in| dn... [16] 
0 


Consequently, for a fluid with Pr = 1, 


and, since the Mach number M, for a perfect gas is related to the 
adiabatic temperature drop experienced by the gas in acquiring 
the velocity u by 


2 Ta=0 2 
M;? = ]} = O04 =0—1)... [18] 
1 ) 0 ) [ 


08) 


| 
020; Us 50 | 
Pr 


Fig. 2. Uo’ as A Function or Pranptt NuMBER (Pr) anp Com- 
PRESSIBILITY NUMBER [(y — 1) 


= 
Fie. 60 as A Function or PranptL NuMBER (Pr) anp Com- 
PRESSIBILITY NUMBER [(y — 1) 


it follows that 


and in particular, at the flat plate (7 = 0) 
= =0 or To = [20] 


as is well known (7). 

Equations [12] are ordinary differential equations, the solution 
of which can be obtained on a differential analyzer. To do this, 
with due regard to the boundary conditions Equations [13], it 
was necessary to guess values of U,’ and @ and to run the analyzer 


ou ou uT 
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to some large value of ». If the U versus 7 and the @ versus 7 
curves become asymptotically equal to 1, the original choices of 
U,’ and 6 were good; otherwise they were adjusted and new 
trials run. Solutions (for 6, 6’, U, U’ and V) have been obtained 
for Pr = 0.25, 0.733 (air), 1 (refer to Equations [19] and [20]), 
and 1.2 (steam); and for b = (y — 1)M,? = 0, 0.1, 0.4, 0.9, 1.6, 4, 
corresponding respectively to M, = 0, 0.5, 1, 1.5, 2 and 3.16 for a 
diatomic gas such as air. Figs. 2 and 3 show the variation of U,’ 
and 6. with the parameters, and Table I gives some numerical 
results associated with these curves.® 
The shear stress 79 at the surface of the plate is 


du 
To = = 
oY |, <0 


The drag coefficient Cp for a thin plate (two sides) of length L in 
the X direction and breadth B in the Z direction is, neglecting end 
effects and assuming L and B are not too small 


rodz 1/3 
0 
= ee 24 


LBpyu;? 

NUMERICAL RESULTS OF VARIATIONS IN Ue’ AND 
@. FROM FIGS. 3 AND 4 

—1)Mi? 

0.1 0.4 0.9 

Ud’ 

60 

8 

Vi 


Cp = 


TABLE 1 


o 
3 


0.2275 
2.6756 
0.838 
1.955 


0.2225 
3. 


Nore: In this table, @ = (00 — 1)/(@u.0 — 1). 


An inspection of Fig. 2 shows that for a given gas Cp decreases 
somewhat more rapidly with an increase of velocity than the de- 
crease produced by (Re)'/*. 

Busemann (3) and von Karman and Tsien (4) working with 
different viscosity assumptions and with Pr = 1 have given 
values for the drag on a plate. Table 2 shows how the values of 


TABLE 2 VALUES OF Cov Re FOR Pr = 1, BY VARIOUS INVESTI- 
GATORS 
von K4rm4n and Tsien —Busemann?— 


wo ays 
T% Cov Re 
1.00 
1.14 

1.33 

1.56 

2.31 


* Busemann gives a formula for Cp Re accurate to +10 per cent. 


6 The following is a comparison of values of Uo’ for b = 0 (refer to 
Equations [29a,b]: 

0.3309 —present work 

0.332 —Blasius, by use of series 

0.33206—Toepfer, numerical solution of a differential equation 
Toepfer (9) estimates his accuracy as 0.00002. As results could be 
reproduced on the analyzer to a much closer degree than the dis- 
crepancy between the cited values, it is possible that some systematic 
error was present, in which event numerical values given in this 
paper may be in error by 0.3 per cent. 
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Cp(Re)'/? compare. The increase of the viscosity with tempera- 
ture does not cause a proportional increase in the drag on the 
plate, because of a modification of the velocity profile. 

The temperature 7) read from a plate thermometer is directly 
related to 7, by 4, which is seen in Fig. 3 to vary, for a given gas, 
almost linearly with M,?. In Fig. 4 the variation of 


To— Ti 
Txu=0 — 


is plotted against (Pr)'/* with basa parameter. It is noteworthy 
that as a good first approximation all compressibility effects 
appear in 6,=0 — 1 and the temperature at the wall may be cal- 
culated from 


which agrees with Equation [20] for Pr = 1. It shows further 
that, regardless of compressibility effects is >, =, or < @u=0 
according as Pris >, =, or < 1. Equation [26] is accurate to 
better than 2 per cent except for Pr < 0.5 or b > 3. More ac- 
curate values may be obtained from the empirical equation 


a(Pr)'/t + (1 —a)Pr 
Ou =O 1 


where 
a=1—0.1 logic (2b + 0.4) 


The temperature 7’) recorded by a plate thermometer in the gas 
stream is thus related to the temperature 7; of the stream by 
(Equations [18] and [27]) 


To = + 0.5b{a(Pr)'/* + (1 — a)Pr}] 


For each combination of Pr and 6 listed in Table 1, curves of 
U, U’, V, @ and 6’ versus n were obtained. The effect of com- 
pressibility is shown in Figs. 5, 6, and 7. 


The U’ curves Fig. 5, show the variation of the shear stress 7 
through the boundary layer. The 6’ curves Fig. 6, indicate the 
rate at which heat is being transferred out of the boundary layer. 
The thermal energy transferred in the Y direction per unit time 
per unit area is 


oT 


08 

06 ald 

(7 

a2 

0 

cS 0.25 Us’ = 0.3309 0.3284 3059 0.2897 0.2484 

6 = 1.000 1.0256 2204 1.392 1.944 

@ =. .... 0.512 490 0.490 0.472 [25] 
Vi = 0.878 0.914 171 1.37 1.949 
0.733 Uo’ = 0.3309 0.3256 2941 0.2738 

ast 6 = 1.0000 1.0432 3825 1.6816 

@ = 0.8519 6.864 850 0.852 

Vi = 0.878 0.916 187 1.391 

1.00 By = 0.3309 2003 0.2097 

@ = 1.0000 1.0000 0000 1.0000 1.0000 

Vi = 0.878 192 1.396 1.967 

1.20 Us’ = 0.3309 .... 2886 0.2659 0.2178 a~ 

6 = 1.0000. .... 498 1.8845 3.2096 = [26] 

= 0.878 320 1.406 1.976 

(y—D) Mi CoVRe Ti CoVRe 

0 1.324 1.00 1.328 

0.4 1.242 1.20 1.30 

0.9 1.161 1.45 1.29 
A 1.6 1.079 1.80 1.27 

4.0 0.890 3.00 1.20 

—k— «= —kT,(—) 0’........... [28] 
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and thus is directly proportional to the values of 6’ in the bound- 
ary layer. 

The case of b + 0, which means physically that u; — 0, would 
be expected to reduce to the boundary-layer problem for in- 
compressible fluids. Equations [12] give 6’’ = 6’ = 0 and 
t’ = U, whence 


S Udy 
and from Equation [126] 
2U" + U'f'Udn = 0 


4 5 67 8 9 W 


VARIATION, FoR Pr = 0.733, of U and U’ 1n BounDARY 


LAYER 


4. 


Pr=0.733 


Fic. 6 For Pr = 0.733, of @ — 1 and 6’ BOUNDARY 
LAYER 


20 5 


Fig. 7 VARIATION, FOR Pr = 0.733, of V in Bounpary LAYER 
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Fig.8 VARIATION, FOR (y — 1)Mi? = 4, or U U’ In BouNDARY 
LAYER 


(Y-)M2=4.0 


Fie. 9 VARIATION, FoR (y — = 4, oF — 1 AND In Bounp- 
ARY LAYER 


Fic. 10 VARIATION, FoR (y — 1)M;? = 4, or V in BounpDary 
LAYER 


which is identical with the equation solved by Blasius (1). The 
@—1 
Ou =0 — 
but of the form 0/0. Their shapes were numerically calculated 
from Equation [16], as was done by Pohlhausen (2). The latter 
gave the effect of Pr on T forb = 0. Figs. 8, 9, and 10 show the 
effect of Pr for b = 4. It may be noted that, relative to the 
velocity layer, the temperature layer becomes thinner the greater 
Pr; a result anticipated in Equation [5]. The @ curves of Fig. 
9 are similar to those calculated by Pohlhausen (2). 
The effect of compressibility and Pr on the final value of V 
is seen in Figs. 7 and 10, as well as in Table 1. The increase in 
gas density, because of the increase in gas temperature near the 


curves for b = 0 do not become trivial 
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plate surface, is responsible for the large increases in the Y 
component of the fluid velocity. 


Appendix 


The solutions of Equations [12] can be found in series involving 
the two parameters Uo’ and 4 by expansion of U, @ and ¢ in 
Taylor series at 7 = 0. The successive derivatives are evaluated 
by differentiating Equations [12]. The complete solution of the 
problem could have been carried out following the method of 
Blasius (1). This method of solution, however, involves a pro- 
hibitive amount of calculation. 

The series solutions are given here to permit the construction of 
U, V, &, 6 curves for any desired set of values of b[==(7 — 1)M,?| 
and Pr, taking values of U»’ and 6 from Figs. 3 and 4. The 
curves thus obtained (using only the following terms) are in 
error by less than 1 per cent for 7 < 3. 

To avoid printing numerous subscripts, parentheses, etc., let 
a = Up’, B=bPr = (y — 1)M,?Prand P= Pr. 
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The variable V which gives the velocity component perpendicular 
to the wall follows from 


V = (nU — 
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Note on the Angular Motions of Ships 


By NICHOLAS MINORSKY,' BROOKLYN, N. Y. 


The object of this paper is to bring to the attention of 
mechanical engineers a number of dynamical problems 
encountered in the theory of the ship; to indicate briefly 
the form of corresponding differential equations and their 
solutions; to analyze the validity of underlying theoretical 
assumptions; and to approach in this manner a compari- 
son of the ship’s dynamics with problems commonly en- 
countered in other fields, such as that of vibration theory. 


HE subject matter of this paper was prepared as part of 
a symposium on dynamics of various vehicles, initiated by 
the Applied Mechanics Division of the A.S.M.E. In con- 
sidering the dynamics of angular motions of ships, the author has 
been guided mainly by the assumption that this field is probably 
less familiar to mechanical engineers than others, such as, vibra- 
tion of ships, their structural strength, propulsion, and the like. 
Space does not permit the systematic presentation of all mat- 
ters pertaining to the subject. For more complete information, 
the author might refer to a recent treatise on naval architecture 
(1)? compiled by a group of authorities on the subject. This 
work contains a complete bibliography on the subject, so that 
only a brief one will be included in this paper. 


GENERAL CONSIDERATIONS 


For many years naval architecture developed as a self-con- 
tained branch of applied science. More recently with the advent 
of high-speed ships some experimental facts were found to be at 
variance with earlier theories. In some cases it became neces- 
sary to revise the theory on a more modern theoretical basis. 
For example, the original, more or less empirical formulas of rud- 
der action were replaced in recent years by a more logical ap- 
proach to this subject on the basis of modern hydrodynamics (2). 
On the other hand, the old theory of steering and turning is still 
retained in spite of a gradually increasing number of discrepancies 
between it and the observed facts. It is more than likely that a 
contact with aerodynamics, in which the questions of directional 
stability are so well explored theoretically, may also be beneficial 
in clearing up the many difficulties encountered in this particular 
problem. 

The earlier and somewhat arbitrary method of investigating 
the dynamics of a ship in its natural independent degrees of free- 
dom, rolling (angle @), pitching (angle y), and yawing (angle a), 
and studying the motion in each degree independently of motions 
occurring in other degrees of freedom, can be justified only in an 
elementary theory. In fact, the problems of interaction be- 
tween the degrees of freedom begin to acquire a gradually in- 
creasing importance. Thus, for example, it was recently dis- 
covered that the slight “zigzagging” or “yawing”’ of a modern 
fast ship on her course causes a periodic heeling in the rolling de- 


1 Matériel Laboratory, Brooklyn Navy Yard. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Tae AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1941, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author, and are not to be 
construed as official or reflecting the views of the Navy Department, 
the naval service at large, or of this Society. 


gree of freedom. This motion, the “yaw-heel,” has nothing to do 
with rolling proper, in so far as it is due to the centrifugal force and 
not to the action of waves. Many difficulties were experienced 
on that account in connection with the gyroscopic stabilizer be- 
fore this effect was understood theoretically (2). 

In a yet more complicated case of simultaneous rolling and 
pitching, it was found that the observed yawing cannot be en- 
tirely explained on the basis of the obliquity of the ship relative 
to the waves. A theory was advanced (3) according to which a 
component of yawing motion is due to the gyroscopic action be- 
tween the angular momentum of the ship due to pitching and its 
forced precession caused by rolling. 

In the problem of steering and turning of ships, the amount of 
such new facts is yet greater, e.g., according to the existing theory 
of turning (4), the diameter of the turning circle, the so-called 
tactical diameter, is independent of the speed; this was, in fact, 
observed on relatively slow ships. Modern fast ships do not 
seem to follow this law; their tactical diameters are found to in- 
crease with speed. 

Still less understood is the behavior of some ships on turning. 
It is found that, under certain conditions of rudder angle and 
speed, an increase in the rudder angle causes an increase of the 
tactical diameter, instead of a decrease, as might be expected and 
which is actually observed in some other ranges of rudder angles 
and speeds (5). Here, one is confronted, apparently, with a cer- 
tain instability of the radial motion for which, as yet, there is no 
definite theoretical explanation. Furthermore, a ship on turning, 
is found to execute small oscillations around its steady motion of 
rotation in azimuth and also about the average angle of a steady 
heel accompanying this rotation (4). There exists no theory at 
present capable of explaining these observed phenomena. Very 
likely these ‘‘second-order motions”’ stand in the same relation to 
the fundamental effect of turning as that of nutation relative to 
precession in the theory of gyroscopes. It might be argued that 
an elementary theory of gyroscopes can be developed without 
introducing the phenomenon of nutation at all. This, however, 
is only partially true, in so far as by following this line of argu- 
ment, a point is eventually reached at which such a simplified 
theory ceases to explain all observed facts. Something similar, 
undoubtedly, occurs in this question of turning. The earlier 
theory was oversimplified and was only able to account for a 
number of facts in connection with the old slow ships of a few 
decades ago. On the other hand, with the advent of new fast 
ships, the various secondary effects neglected in the theory began 
to be felt to a greater extent so that a broader theoretical ap- 
proach to these problems is necessary in order to be able to explain 
these additional experimental facts. 

Such theoretical generalizations are handicapped at present to a 
great extent by the lack of knowledge of a number of parameters 
determining the ship’s motion. For example, when a mechanical 
engineer refers to the moment of inertia, he has in mind a very 
definite dynamical parameter; the same parameter in connection 
with a ship is not so definite. The moment of inertia of a ship 
relates not only to the ship itself, but also to the “entrained 
water.”” But what is the extent of the latter? On this matter 
alone one is likely to embark on a rather wide field either of 
theoretical speculations or of different experimental data relative 
to different ships, and frequently of different orders of magnitude. 

This indefiniteness of parameters is probably one of the princi- 
pal reasons why the present-day dynamics of ships is far from 
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being in satisfactory agreement with experimental facts, as is the 
case in the mechanics of rigid bodies. 

These difficulties undoubtedly will disappear gradually, as the 
result of numerous investigations being conducted at present in 
experimental model basins of different countries. 

Finally, in addition to the ship itself, there is also the seaway 
to be considered. The question as to how a seaway acts on a 
given ship is more difficult of answer today, in connection with 
modern ships of great stability, than it was in the past when ships 
had less stability, and when simplifications seemed to be more 
acceptable than they are today. 
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It is hoped that this note will contribute to a greater interest in 
these partially solved problems. 


or Suips (6) 


The subject of stability belongs rather to statics but, in so far 
as the righting moment of stability appears in the differential 
equations of the motion of a ship, it is desirable to review at least 
the principal points as follows: 

(a) Couple of Stability C,. The couple of stability C, is formed 
by forces of gravity (the weight) W, applied to the center of 
gravity G and that of buoyancy W (directed upward) applied at 
the point B (center of buoyancy), and acting on the lever arm r, 
generally increasing with the angle of heel 6, at least for small 
angles. 

(b) Metacenter. When the ship heels, the point B describes a 
locus (relative to the ship), which is the curve (B). The center 
of curvature of this curve for an infinitesimal are of the curve is 
called the metacenter M. 

For small inclinations (less than 10 deg) the metacenter is 
practically a fixed point in the ship. For larger inclinations, M 
describes a path (M), the metacentric. The radius of curvature 
BM is called the metacentric radius. Thus it is seen that the 
curve (M) is the evolute of the curve (B). Frequently, the initial 
fixed position of M on the curve (M) is referred to as the initial 
metacenter. 

(c) Metacentric Radius BM. The metacentric radius BM for 
small angles of heel 6, as shown in the theory, is expressed by 
equation BM = I/V, where J is the moment of inertia of the 
water-line plane about its longitudinal axis of symmetry and V is 
the displaced volume. 

(d) Metacentric Height GM. Metacentric height GM is the 
distance between the center of gravity G and the metacenter M. 
The expression, “the metacentric height,” is frequently used to 
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designate the distance between G and the initial metacenter Mp. 
In such a case, the metacentric height @My) = h is considered con- 
stant at least for small angles of @. 

(e) Nature of Equilibrium. From the elementary considera- 
tions, not reproduced here, a ship is in a stable, unstable, or in- 
different equilibrium, according to whether M is above, below, or 
coincident with G. 

(f) Explicit Expression for C,. For small angles of heel, G@Mo 
=h =constant. Therefore 


C, = Whe 


For larger angles, C, = Wr(@), where r(@) is the righting arm of 
the couple of stability. For normal ships, calculations show that 
r(@) plotted against @ has the form shown in Fig. 1. This curve 
consists of an almost rectilinear portion, then goes through a 
maximum in the vicinity of about 40 to 45 deg of inclination, and 
approaches zero for still larger angles. 

Since for small angles the lever arm by Equation [1] is hé, 
clearly the angular coefficient (tan 8) of the straight portion 00’ 
represents the initial constant metacentric height GMo. 

(g) Effect of Free Levels on Stability. The presence of free levels 
(tanks, boilers, etc.) in a ship causes slight transverse displace- 
ments of G when the ship heels. This introduces a corrective 
term in the expression of the righting couple so that 


C, = WA 
> W(h — 1/V)0 


where ¢ is the sum of moments of inertia of the free water planes 
about their longitudinal axes of symmetry. 

(h) Effect of Loading on Stability. Both W and h vary with 
the state of loading. It is customary to specify these data for 
different loadings. 

(7) Dynamical Stability. Dynamical stability is defined as 
work required to incline a ship from its upright position (@ = 0) to 
another position @. 


For larger angles, DS is obtained by measuring the area of the 
curve of stability up to an angle @. The dynamical-stability 
curve (Fig. 1) is useful for the determination of inclination @ 
caused by impulsive moments, e.g., firing the guns on a war vessel. 

(k) Longitudinal Stability. Similar considerations are applica- 
ble when the ship is inclined about a transverse axis through the 
center of flotation over an angle y (trim or pitch). One has in 
this case 


C,’ = Wh’ sin y = Wh'y 


where h’ is called the “longitudinal metacentric height.” 
In practice, whereas h is of the order of 1 to 5 ft for different 
types of seagoing ships, h’ is of the order of 300 to 500 ft. 


OscILLATIONS OF Sup IN Stitt WATER (7) 


When the ship is inclined in still water over a small angle @ and 
then released, it comes to the equilibrium position after a series of 
gradually decreasing oscillations. A curve thus obtained is called 
the ‘‘curve of declining angles.”” The problem is similar to that of 
a physical pendulum in a resisting medium. 

(a) Rolling in Still Unresisting Medium. The differential 
equation of rolling for small angles is approximately 


which gives an oscillation of the type 6 = cos wl, where w = 


> whence the period of oscillation 
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Fic. 2. GENERATION OF THE TROCHOID TO ILLUSTRATE WAVE THEORY 


T =2 
Vi 


Equation [3] is valid only for very small angles; if the initial 
angle @ is not small, h does not remain constant and one has to 
consider a more general form of the static couple C = Wr(@) 


where r is the arm of the righting couple. The differential equa- 
tion of motion in this case is 


Ww 
Since ] = - k? (k being the radius of gyration), Equation [3] can 
be written 


The period of oscillation in this case cannot be calculated analyti- 
cally in view of the fact that the arm r of the restoring couple con- 
sidered as a function of 6 is not a mathematical function but a 
certain curve obtained by computation. 

If the curve r(6) is available, it is always possible to approxi- 
mate it sufficiently closely by an osculating parabola of a suitable 
order and to carry out the integration. The oscillation, generally, 
is not isochronous. 

(b) Rolling in a Still Resisting Medium. The amplitudes of 
subsequent rolls decrease gradually in this case. Froude found 
that the loss of amplitude per swing can be approximated by the 
equation 


It can be shown that the first term a@ can be attributed to a 
resistance term k,6, proportional to angular velocity of rolling, 
and the second bé? to a term k,6? proportional to its square. It is 
possible in this manner to establish a relation between the coeffi- 
cients a and k, on one hand, and b and k; on the other hand. 

From the experimental curve of declining angles, coefficients a 
and b can be computed; from them the coefficients k, and kz can 
be determined. 

The differential equation of rolling in still water and for small 
angles then becomes 


16 + + kb? + Who = 0.............. (5) 


This is a nonlinear differential equation on account of the 
term k,6?. 

The determination of coefficients a and 6 is seldom made in 
practice and the use of the curve of declining angles is made 
mainly for the purpose of determining the over-all decrement. 
In the problem of ship stabilization, the knowledge of these 
coefficients a and b is of a greater importance. 

(c) Pitching in Still Water. Similar considerations can be ap- 
plied to pitching. In practice it is more difficult to make experi- 
ments on pitching because of a much greater value of the longi- 


tudinal metacentric height, and correspondingly greater moments 
required. 

Furthermore, pitching released inth is manner is generally 
accompanied by heaving, in view of the lack of symmetry about 
the transverse axis through the center of flotation, so that the 
results are more difficult to analyze. 


TROCHOIDAL THEORY OF WAVES (8) 


Observations on propagation of regular waves far from the 
shore, and in the absence of wind, are in a fairly good agreement 
with the trochoidal theory. 

The following hypotheses are made in this theory: Waves are 
of a cylindrical form in the direction at right angles to their prop- 
agation and of an indefinite length; in the direction of their 
propagation, the profile of waves is limited by trochoids, the radii 
r of which decrease in depth; subsequent waves are identical in 
their characteristics; depth of water is very great in comparison 
with the size of waves; presence of the ship does not modify ap- 
preciably the wave motion. 

(a) Properties of a Trochoid. The trochoid, Fig. 2, is traced by 
a point P (radius r) inner to the circle C (radius R) rolling without 
slipping on a straight line D-D,. Lhe equations are 


zx = Ré—rsin@ and y = r(l — cos @)......... [6] 


H = 2r is the height of the wave and L = 2¢FR is its length; in 
terms of H and L Equations [6] are 


L | H 
Sin dandy = (1 — cos ..... [6a] 

From the kinematics of trochoidal motion, it is easily found 
that the velocity V on the trochoid is given by equation v = nw, 
where n is the instantaneous radius, i.e., distance between the 
point N of contact of the rolling circle C and the particle P, and w 
is the angular frequency (6 = wt); the particles thus move faster 
in the trough of the wave than at its crest. 

(b) Apparent Gravity. The forces acting on the material 
particle P, moving on a trochoidal trajectory are its weight and 
the centrifugal force. It may readily be shown that the resultant 
NP of these two forces is always at right angles to the curve, i.e., 
it is along the normal to the trochoid. 

A small rigid body (e.g., raft) immersed in the medium of 
particles describing trochoidal trajectories acquires their motion, 
so that the resultant force to which the body is subjected is also 
normal to the trochoid. This resultant force is called the ‘‘appar- 
ent gravity on the waves.”” From this it follows that the force is 
normal to the wave profile. 

If a ball is placed on a little raft floating on trochoidal waves,- 
the ball will have no tendency to roll off the raft, although to a 
stationary observer, the raft may appear to be inclined periodi- 
cally over appreciable angles with respect to the horizontal plane. 

(c) Subtrochoids. Radii r of subsequent trochoids, decrease 
in depth according to the law 
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where ro is the radius of the trochoid on the surface and r that of a 
trochoid situated at the depth y. The wave motion thus de- 
creases rapidly with the depth. For example, for a wave having 
L = 600 ft, H = 40 ft; the diameter of orbit on a subtrochoid 
situated at the depth y = 400 ft is only about 7 in. 

(d) Wave Formation. Neither kinematics nor dynamics of 
trochoidal motions are changed if a constant velocity V = Rw is 
superimposed on the field of trochoidal trajectories. From a 
conception of stationary trochoids and particles describing them, 
one passes in this manner to the real understanding of a propa- 
gated wave motion. The individual particles in this case de- 
scribe circular trajectories, the radii of which decrease with depth 
according to the same !aw, Equation [7]. 

The wave motion is thus characterized by the propagation of 
motion and not of the water itself. A small floating body on 
waves describes a circular orbit, as the waves pass by, without 
any tendency to drift in the direction of their propagation. 

(e) Wave Slope. The tangent to the trochoid is 

dy r sin 


tane —: 
dz R—rcos@ 


The angle © is maximum for @ = 0, in which case it is 


max is called the maximum wave slope at the surface. A body of 
finite dimensions immersed in a trochoidal wave is acted upon at 
the increasing depths by gradually decreasing wave slopes. In 
order to obtain the average wave slope, it is necessary to integrate 
the trochoidal radii over the draft of the body and find the average 
in this manner. 

Tn practice instead of these calculations the surface trochoid is 
reduced to a certain depth. The trochoid so obtained is assumed 
to represent the average value of the wave slopes over the draft 
and its maximum slope @p is called the ‘‘maximum effective wave 
slop.”” This quantity is used extensively in the theory of rolling. 

In the Atlantic for normal ships and for normally rough weather 
@o is of the order of 5 to 6 deg, although the corresponding surface- 
wave slopes are somewhat greater. 

(f) Velocity of Waves. From the triangle of forces OPN, Fig. 
2, where OP = r; ON = R; Pn = nwe find 
Tw? 
OP ON PN 


whence V? = ia L, which gives the velocity of the waves in feet 


per second if the length L is given in feet, and g = 32.2. The 
speed in knots is V, = 1.34 (Lin ft). 

Relative to a ship moving with a speed v at an angle y to the 
direction of propagation of waves, the apparent velocity of the 
waves is (v — V cos 7) and 


is called the apparent period of waves. 

(g) Limitations of Trochoidal Theory. It is found that this 
theory is in fairly good agreement with the observed facts only 
under special favorable conditions. For example, in the Bay of 
Biseay and in the absence of wind, the long-period ground swell 
exhibits such features fairly accurately. 

On the other hand, ordinary Atlantic waves particularly with a 
shifting wind are less regular and the foregoing theory may be 
considered only as a rough approximation. 

In some cases, in vicinity of the shore and with irregular winds, 
the seaway may become exceedingly erratic. 
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AND PitcHinG oF Suips (8) 


The existing theory of rolling is credited to Froude; it is based 
on a number of simplified assumptions as to the nature of the 
seaway as explained. 

According to this theory, the waves exert moments on a ship of 
the form Wh(@ — ®) where (@ — 8) is the angle of inclination of 
the ship relative to the wave slope; the profiles of the waves are 
limited by a curve of sines; other assumptions of the trochoidal 
theory hold. 

Froude investigated separately two cases of a nonresisted 
rolling and of a resisted one for reasons which will appear. 

(a) Unresisted Rolling Among Waves. The differential equa- 
tion in this case is 


16 = —Wh(0 — [10] 


Making @ = Oe' (i = +/— 1), dividing by J and designating 
Wh al 


tion and its period we have 


is the angular frequency of the free oscilla- 


The complete solution as is well known is 


= (wot + + _ _ 


we? — 


6) and ¢o are two integration constants to be determined by the 
initial conditions; the first term on the right is the free oscillation 
and the second, the forced one. Thus there are “beats” or inter- 
ference of two frequencies w and wo. 

For synchronism the equation becomes 


The solution in this case is of the form @ = oe“. Its substitu- 
tion in Equation [10c] gives, in real notations 


The amplitude in this case increases with the time. Its increase 


during one-half period is 


This expression is called ‘‘synchronous increment.” In any case, 
the ship would capsize eventually in the course of time whatever 
might be. 

(b) Resisted Rolling. Froude’s differential equation in this 
case is 


16 + + + Who = .......... [13] 


This is a nonlinear equation on account of the term k,6*; further- 
more, for large values of 6, h is a function of 6. For these reasons 
the integration of Equation [13] in general is impossible analyti- 
cally; graphic methods of integration are generally used. 

For small angles h is approximately constant; if, in addition 
to this, the term with 6? is negligible, the integration of Equation 
{13] is then quite simple. In this latter case, it is found that the 
amplitude of the forced oscillation is 


Wh®o 


6 = 
and its phase 
tan~' 
(Wh — Iw?) 
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At synchronism 


Whe 
O10 = — and 5 


1W0 


If k26? cannot be neglected while angles are small, i.e., if h is 
constant, the integration can still be carried out by the method of 
successive approximations (9). The solution in such a case is 
represented by a convergent series and the number of terms of the 
series is limited by considerations of the accuracy required. 

(c) Approximate Method for Determining Synchronous Ampli- 
tude. It follows that the integration of Froude’s equation in the 
general case is a rather complicated matter. Attempts were 
made to introduce approximate methods, instead of rigorous 
mathematical ones. One of the simplest methods leading to the 
establishment of the equilibrium amplitude @, at synchronism is 
as follows: 


It was shown that the synchronous increment is Aé, = 5 Oo 
If a steady state of synchronous rolling is reached, this increment 
is balanced by an equal decrement, whence the equation 


a, + b0,2 = 

If, therefore, Froude’s coefficients a and b are determined 
from the curve of declining angles, @, can then be determined for 
each 69 from the quadratic Equation [14]. 

(d) Limitations of Froude’s Theory. In spite of a number of 
hypotheses, as to the regularity of seaway assumed by Froude, his 
theory was found to be in fairly good agreement with observations 
on rolling of earlier ships. After the first world war there was, 
however, a steadily growing tendency to build ships with a greater 
GM than before; this tendency was dictated mainly by the desire 
to have a greater margin of stability which would permit the ship 
to remain afloat if damaged. 

As the result of this development newer ships, being “‘stiffer’’ 
than the old ones, roll more with the forced period than in their 
own free period. Since, on the other hand, the normal seaway is 
generally irregular, this accounts also for a rather irregular rolling 
of these ships. Departures from Froude’s theory became more 
important under such conditions. In addition to this, when the 
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(b) 
Fie. Typican EXPERIMENTAL RECORDS OF ANGLE @ 


seaway is erratic and during the time intervals when no synchro- 
nization with the ship’s period takes place, the hull of the ship 
executes probably local elastic oscillations under the effect of 
impacts of individual waves. ‘These different effects being com- 
bined give a rather complicated pattern of rolling. Fig. 3 
shows typical experimental records of the angle @. 

If, however, the ship encounters a train of waves, synchroniz- 
ing with her period, these irregularities tend to disappear and the 
ship begins to roll with larger amplitudes Fig. 3(a), more in ac- 
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cordance with Froude’s theory. It is to be noted that both 
records shown in Fig. 3 were taken on board the same ship and 
under the same condition of seaway but at different ship’s course 
relative to the waves. The only difference between the records 
was that, in the first case Fig. 3(b), waves did not synchronize 
with the ship’s period, and in the second Fig. 3(a), they did. 
(Refer to Equation [9].) 

(e) Pitching. The application of Froude’s theory to pitching 
is less satisfactory than to rolling because the length of the ship is 
generally of the same order at least, and for larger ships may be 
even greater than the lengths of waves. For larger ships, there 
may be several waves acting on the ship at the same time and 
these waves move relative to the ship with a velocity v = V de- 
pending upon whether the ship is heading into the sea or is 
followed by it. It is obvious that the ratio between the ship’s 
length and the length of waves is of importance; attempts have 
been made to establish empirical rules between this ratio and the 
tendency of the ship to pitch. 

Aside from these difficulties, the damping resistance to pitching 
is generally greater than that to rolling, so that any free oscillation 
is rapidly extinguished and the forced oscillation is of greater 
importance than in the case of rolling. 

All this, combined with the irregularities of seaway over several 
wave lengths, renders the mathematical analysis of pitching more 
difficult and less reliable than that of rolling. 


MeruHops OF STABILIZATION 


All attempts to stabilize ships made so far have been in connec- 
tion with rolling and not with pitching. There are several reasons 
for this: (a) The longitudinal metacentric height being of the 
order of several hundred feet, the stabilizing couple to be provided 
for antipitching stabilization would be so great as to produce 
enormous stresses in the longitudinal strength of the ship; (b) the 
period of pitching being considerably shorter than that of rolling, 
it would be a difficult problem, from the engineering standpoint, 
to produce and to reverse a couple of many hundreds, if not 
thousands, of foot-tons within that short period; (c) the pitching 
oscillation, being almost exclusively of a forced type, is generally 
irregular and the problem of control would be far more difficult 
than in the case of rolling, particularly in view of the short period 
of pitching. 

In addition, large ships rarely pitch more than 5 to 6 deg 
(amplitude), whereas, their rolling may easily reach 20 to 25 deg 
or even more. 

Several methods of antirolling stabilization have been tried; 
such as, gyroscopes, fins, tanks, and moving weights. 

The gyroscopic method was developed along two different lines: 
(a) Passive method (O. Schlick), in which the rolling motion 
causes the gyro to precess. The work of the precession couple, so 
produced, is absorbed in a brake. 

(b) Active method (Sperry), in which a large gyro is caused to 
precess by a “precession motor” controlled by a small ‘‘control 
gyro.” The precession of the large gyro produces the stabilizing 
moment, quenching the rolling. The gyroscopic equipment has 
been found to be satisfactory for the purpose in view, although it 
is rather expensive and requires excessive space in the ship. For 
that reason, it does not seem to be practicable in connection with 
larger ships. 

The largest gyroscopic installation so far made is that in- 
stalled on board the Italian liner Conte Di Savoia (41,000 tons); 
it consists of three gyroscopes, each about 13 ft diam, running at 
about 900 rpm; the total weight of the installation is about 650 
tons; the maximum power for driving gyros and associated 
equipment is about 2000 hp. 

The use of fins was first suggested in Japan at an early date 
(Motora) where it was tried out without any definite results. 
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This method was improved later on in England by M. Denny, 
and an installation of this kind was made on board a small cross- 
channel steamer, the Jsle of Sark. The results of tests seemed to 
be satisfactory. The application of this method to larger ships 
seems to be handicapped mainly by a substantial power consump- 
tion, charged to the propelling machinery of the ship, and arising 
from the resistance offered by the fins. In addition to this, the 
presence of fins is a rather serious complication, when the ship is 
docking. 

The moving-weight method was first suggested and tried by 
Sir J. I. Thornycroft on board a small yacht the Cecil, in 1891. 
Since that time, additione! tests were made in this connection in 
different countries; the results of these tests are generally satis- 
factory, but the presence of a moving weight of many tons is 
considered objectionable, particularly in case of an accident. 


Fic. 4 APPROXIMATE MOTION OF A SHIP IN TURNING 


Antirolling tanks, first suggested in England by Sir P. Watts 
(10), and later on improved by Dr. Frahm in Germany (11), were 
installed on a number of ships (mostly German) and met with a 
varying degree of success. In fact, on ships with a relatively 
small GM, and in a fairly regular seaway, good results were fre- 
quently reported; the observed roll-quenching was of the order of 
50 per cent. However, on the same ship, but with a less regular 
seaway, the observed quenching very often becomes insignificant. 
Cases were also reported when the tanks seemed to have a tend- 
ency to enhance the rolling rather than to quench it. Finally, 
attempts to use Frahm tanks on board modern high GM ships 
were decidedly negative. 

The difficulties experienced with the original “passive” Frahm 
tanks directed the attention of designers to the possibility of their 
“activation,” ie., to controlling the flow of ballast instead of al- 
lowing it to flow naturally through the cross channel. This con- 
stitutes the so-called “‘active-tanks’”’ method of ship stabilization. 

In view of the present trend toward the use of tanks, only the 
stabilization by tanks will be analyzed. 

(a) Ship Stabilization by Passive Tanks. The stabilizing sys- 
tem consists of two tanks, Fig. 4, located on either side of the ship; 
the tanks are connected below by a cross channel C; between 
their tops the tanks are also connected by an air duct D with a 
valve V constricting the air flow to the desired extent. 

The ship and the tanks form a system with 2 deg of freedom 
(angles @ and ¢) and the differential equations of motion are easily 
established by forming the Lagrangian equations with the simpli- 
fications arising from the application of the method of small 
motions. 

The kinetic energy of the system, ship and tanks, is 


T = + + [15] 
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with J = J + jandj = i + ma’, where / is the moment of inertia 
of the ship about its longitudinal axis through G; 7 is the moment 
of inertia of the liquid ballast in the tanks about the longitudinal 
axis through its center of gravity G@’; a = GG’ and mis the mass of 
the liquid ballast (m = w/g, w being the weight of ballast). 

The potential function of the system for small motions is 


U = — — [16] 


Equation [16] presupposes that there is no potential or force 
coupling between the coordinates @ and ¢. On this point a con- 
siderable controversy existed in the technical literature for almost 
two decades until Professor Schuler clearly established (12) that, 
in a passive system, there exists no such coupling. A friction 
coupling is usually introduced in a passive system by means of 
the throttling of airin the valve V. This gives rise to a friction 
term A¢ approximately proportional to the rate of transfer of the 
ballast. 

Forming the Lagrangian equations for both degrees of freedom 


jo+ ce) =0 


where C = Wh; c = wa. 
The system of Equation [17] is reducible to a single equation 
of the fourth order 


af’ + a6 [18] 


in which a) = Jj —j*; a: = MJ —j); a2 = Jo + jC; = Cr 
and a, = Cc. The corresponding characteristic equation is 


ador* + + + agar + a, = 0.......... [19] 


By applying the Hurwitzian criteria of stability (13) it is readily 
found that they are generally fulfilled, so that the real roots as 
well as the real parts of complex roots are negative. This shows 
that damping of the free oscillation due to the terms with \ actu- 
ally takes place. Experiments corroborate this point. 

More interesting, however, is the forced oscillation; the first 
Equation [17] in this case acquires, on the right-hand side, the 
term De*!, where D = Why is the maximum disturbing torque 
due to the wave slope Qo, and w is its apparent frequency. 

The particular solution @ of Equation [17] corresponding to 
the exciting moment in this case will be 


V — — wit?) + — aww*)? 


The term ao(w? — w1*)(w* — wi1*) is a biquadratic polynomial 
arising from the intermediate calculations and written in terms of 
its roots wi? and wii?; it must be noted also that both a; and a; 
contain \ as afactor. As regards e~'¥, it is merely a phase factor 
and will not be considered here. 

It is seen that if the apparent frequency w of waves approaches 
the resonance frequency in the tanks, the ship’s oscillation de- 
creases because the term c — jw* becomes small. 

Should the apparent frequency approach either one of the 
secondary resonance points w or wi1, the amplitudes will increase 
and will be limited only by the term w*(a; — a,w*)* under the 
square root of the denominator, containing the damping factor . 

The design of a passive-tanks stabilizer must, therefore, be 
conducted with a view to removing its operating range sufficiently 
far from these secondary resonance points. Frahm and other 
investigators advanced different suggestions as to how this might 
be accomplished in practice. 

From the foregoing superficial survey of performance of passive 
tanks, it is apparent that the system of tanks is essentially a 
resonance system ; if the frequency of actuation is changing con- 
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tinuously, as this occurs in a confused seaway, the proper rhythm 
in the tanks can never develop with sufficient rapidity to keep in 
step with the ever-changing frequency of actuation. This will 
account for the unsatisfactory performance of tanks which is, in 
fact, observed. 

(b) Ship Stabilization by Activated Tanks. In the passive-tanks 
system, the coupling between the ship and the ballast is of iner- 
tial and frictional type; its drawback is in the fact that it can 
never be made sufficiently strong to insure an adequate transfer 
of ballast both in magnitude and phase required for satisfactory 
roll-quenching. 

In active-type stabilization, use is made of an external source 
of power (compressed air, variable-pitch pumps, etc.) to produce 
a coupling of a potential or “force” type (German Kraftkép- 
plung) (12) sufficiently strong to impress on the ballast a rhythm 
of actuation substantially in phase with that of the outboard 
disturbance. 

The main difference in the analytical formulation of the prob- 
lem consists in the introduction of this new force coupling. 
Clearly, the moment of tanks applied to the ship is of the form 
—cy; as regards the gravity moment applied to the ballast, it is 
of the form c(¢ + @), if one chooses the same positive direction for 
and ¢. 

The Lagrangian equations under these conditions become 


(J6 + Cd) + = 
j6 + j@ = + 
Equations [19], so far, have no definite sense as long as there is no 


explicit relation between @ and ¢ established. 
Assume now that this relation is of the form 


u being a constant factor characterizing the intensity of con- 
trol. Equation [20] states that the amount of the excess ballast in 
one of the tanks (proportional to ¢) is kept at any instant in pro- 
portion to 6, the angular velocity of rolling. 

If equation of control [20], is substituted into the first Lagran- 
gian Equation [19] the result is 


jud + Jb + cud + CO =0............. [21] 


The interesting point is that the first Lagrangian Equation [19] 
with the aid of equation of control [20] determines now the mo- 
tion of the stabilized ship without the necessity for the second 
Equation [19]. Furthermore, the differential equation is now of 
the third order instead of being of the fourth order as in the case 
of the passive tanks. This means that the free oscillation of the 
system has now only one period instead of two as in the case of the 
passive tanks, 

The Hurwitzian criteria of stability in this case are 


J >0; > 0; C>0.......... [22] 

It is seen that the first and third criteria are always fulfilled; as to 

the second, since : > ‘, it reduces to the condition T, > 7, that 


is, the period of the ship must be greater than that of the tanks. 
In practice, this condition is generally fulfilled since, in the 
activated tanks, no use is made of the constriction in the air duct, 
and the period of the tanks is relatively short. 

In view of the fact that all three Hurwitzian criteria are ful- 
filled, there exists a definite decrement of free oscillations, owing 
to the potential coupling referred to. As regards the forced oscil- 
lation, it is of the form 


Dei (ot-») 
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where 


At the point of synchronism between the ship and the waves 
C — Jw? = 0 and the amplitude 


D 


= 
pw,(¢ — jw,?) 


The oscillation at synchronism is in quadrature with the wave 
slope since y = 5 in this case. 


The amplitude at synchronism can be reduced by increasing 
the intensity u of the control. 
At synchronism with the tanks (¢ — jw,?) = 0 the amplitude is 


D 


C — Jw? 


At this point the action of the stabilizer disappears. On the 
other hand, since in the activated tanks w, is generally much 
higher than w,, at synchronism of the tanks, the residual non- 
quenched amplitude is small because C --- Jw,? has a considerable 
value. Experiments with activated tanks corroborate these 
conclusions. 


TURNING AND STEERING OF Surps (1) 


Both problems relate to the ship’s angular motion in azimuth. 
The production of an azimuthal motion of a given rate (and, 
hence, of a given ‘‘tactical diameter’’) is the problem of turning; 
its prevention is the problem of steering. 

The rudder action is the principal factor determining the dy- 
namics of this motion; it is, however, only a part of the complete 
picture. 

At present, the entire subject of steering and turning is proba- 
bly the least explored chapter of naval architecture, particularly 
in connection with modern high-speed ships. 

The study of rudder action has made quite appreciable progress 
in recent years but a number of other important effects have been 
scarcely explored. 

(a) Rudder Action. In the earlier theory, the so-called 
Joessel formula 

7.584 sin a 


* ~ 0.639 + sin a 


was used to represent the action of a rudder. In this formula, 
A = area of rudder, sq ft; V = speed, knots; a = rudder 
angle, deg; and F, = normal component of total rudder force ap- 
plied at center of pressure of rudder. The component F, of the 
total force at right angles to ship’s middle line is called the “‘lift”’ 
of the rudder. 

In recent years, rudder action has been studied more sys- 
tematically on the basis of modern hydrodynamical theory of 
flow. Lack of space precludes a review of the numerous studies 
in this note (1). It is sufficient to mention that, in addition to 
the basic studies concerning the ‘ynamics of a “free rudder’ 
(i.e., not attached to the ship) b««ing a steady relative motion 
with respect to a nondisturbed me ‘ um, there is a series of second- 
ary factors complicating the study of the rudder action still 
further. Among these are (a) presence of the ship’s hull; (6) 
effect of the wake; (c) effect of propeller race; (d) effect of the 
actual angle of incidence during the turn; (e) effect of the speed 
of the steering gear, etc. 

The effects of these different factors sometimes vary apprecia- 
bly even for relatively small changes in a ship’s design. Further- 
more, a series of unknown and uncontrollable factors due to 
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turbulence and cavitation renders theoretical predictions rather 
uncertain. 

The usual procedure is to investigate experimentally the char- 
acteristics of a given rudder fitted in a given ship and to use these 
data in connection with ships of this particular type. 

Unfortunately, the rudder action in itself does not yet deter- 
mine either steering or turning characteristics of a given ship and 
these conditions will be analyzed. 

(b) Turning of Ships. When the ship turns steadily in a circle 
C (after all transient effects have died out) the following approxi- 


44 


Fie. 5 Moments Causinc Durtnc TURNING 


mate picture of its motion (Fig. 5) can be given: (a) The center 
of gravity G moves in a circle C of radius p (the tactical radius); 
(b) the centerline plane of the ship is turned inwardly with respect 
to the tangent to C at G over an angle dg called “drift angle” at G. 
(c) If a perpendicular is dropped from the center o of the circle C 
on the centerline plane MM, the point P thus obtained is called 
the “pivoting point;” at this point 6, = 0; (d) the ship heels over 
at an angle 6, generally outward with respect to C; (e) there are 
observed small oscillations Aég and Aé, in the drift angle and 
angle of heel, respectively. 

It is thus observed that a ship on turning moves obliquely 
through the water which causes increased pressures on the out- 
ward part of the bow and a system of reduced pressures and 
vortexes on its inward part. This system of forces gives rise to an 
inwardly directed resultant force R, applied at a point L, the 
center of “‘leeway forces” or lateral pressures. The magnitude, 
direction, and the point of application L of this force R depend 
upon the form of the hull, on conditions of flow around it, as well 
as on the angle 5. Data relative to this force R are lacking at 
present. 

Let R, and R, be the longitudinal and transverse components 
of this force R, and a’ the distance from L to G. The component 
R, accounts merely for a decrease of the ship’s speed on turning. 
As regards R, it appears on the same basis as F;, the rudder lift, 
in the equation of equilibrium of forces. The moment of this 
force R,a’ will appear in the equation of angular motion about G. 

Therefore, there are two equations of turning in a steady state 

Fia— + N =0 
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The first Equation [25] represents the dynamic equilibrium of 
forces at right angles to the diametral line of the ship; the first 
term is the projection of the centrifugal force along the y-axis. 
Furthermore, since the angle 4 is generally small, cos 6 = 1. 
The term N in the second equation represents the moment due to 
the unequal propeller thrust on turning. 

Equations [25] unfortunately contain more unknown quanti- 
ties than their number. Attempts were made to introduce either 
some empirical relations or some more or less arbitrary assump- 
tions. Most of these early attempts were found to be at variance 
with observations in connection with high-speed ships. For 
example, according to these early theories, p is independent of the 
ship’s speed; in reality it is found that p increases with the speed 
for higher speeds. Furthermore, under certain conditions of 
speed and rudder angle, an instability of p is observed. If the 
rudder angle is increased, it is observed that p increases instead of 
decreasing as might be expected and as is actually observed for 
some other conditions. In addition, it is impossible to predict 
from Equations [25] the observed oscillations of the drift angle on 
turning. 

(c) Heeling During a Turn. The heeling component 6, ob- 
served during a turn is due to the difference of moments of the 


Mv? 
centrifugal force — applied at G Fig. 6, and of the rudder lift F, 
p 


Fia. 6 


applied at the center of pressure c’ of the rudder, with respect to 
the center L of lateral pressures R,. Designating the vertical 
distance between G and L by b and that between L and c’ by b’, 
the approximate result for 6, is 


p 


In the first instant, when the rudder is put over, the first term 
M: 2 
— is lacking and @, is negative, i.e., the ship heels initially in- 


di with respect to C. When the turning motion develops 
aN — F,b’ > 0 and @, > 0, i.e., an outward heel is observed. 
Guanes, if, while the ship is turning, the rudder is put amid- 
ship, the term F,-b’ suddenly disappears, while the term = does 


not have time to change appreciably. The ship, in this case, will 
heel instantaneously over a greater angle 6, than during a steady 
turning. 

(d) Steering of Ships. Steering is a process inverse to turning; 
in fact, whereas the latter consists in producing and maintaining 
an azimuthal motion of a given rate, the former, on the contrary, 
has for its object its prevention. In so far as the dynamics of 
both cases is the same, this leads to the well-known statement: 
“Ships easy to steer are hard to turn and vice versa.” 
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MINORSKY—NOTE ON THE ANGULAR MOTIONS OF SHIPS 


The fundamental characteristic of a ship from the standpoint 
of steering is its “directional stability,” i.e., its ability to maintain 
a straight course on a calm sea with its rudder amidships. As a 
matter of fact, practically all ships are more or less unstable. 
This is due to the condition that for small drift angles 5 the center 
L of leeway pressure is forward of G so that an incipient small 
deviation from the course produces a couple tending to deviate 
the ship still further from that course. But this particular condi- 
tion is favorable, if the turning characteristic is considered, be- 
cause the leeway pressure effect in this case enhances the effect of 
the rudder. 

(e) Directional Stability. The differential equation of the 
initial azimuthal motion of a ship from the straight course with 
the rudder amidships is 


Ta — M(a) + = O.............. 


where / is the moment of inertia of the ship about the vertical axis 
through G; M(a) is the couple of leeway forces; C(4a) is the cou- 
ple of resistance to turning. 

The couple M (a) for normal ships is unstable as just explained. 
Since for small angles a, both M(a) and C(a) are monotonic func- 
tions of variables, their McLaurin expansions are of the form 


M(a) = ma + ma? + ...; Cla) = 1a + Gar + ... 
If one takes as a first approximation the first terms only 
the solution is then a divergent one, i.e., of the form 
a = Cie" + Cre™ 


where one of the roots is positive. This instability is measured 
by the rate at which the ship will fall off her course, which for 
small angles is proportional to the ratio m/c. Ships with a 
deadwood have a greater directional stability than those with a 
cut up deadwood since for the former c is larger than for the 
latter. 

(f) Automatic Steering. The rudder moment M (+) is a certain 
function of the rudder angle y; for small rudder angles, it is a 
continuous monotonic function of y and can be represented by a 
series expansion of the form 


M(y) = nv + Psy? + ... 


For small y required for steering a straight course one can take 
as a first approximation 


M(y) = pry 
The differential equation of a ship steered by a rudder is then 
+ — ma + = [276] 


In case of automatic steering y is related to the elements of ship’s 
motion a, a, etc. 

Directional Control. Assume first that y = ka, where k is a 
certain factor of proportionality. The angle of rudder is then 
moved in proportion to the angle of deviation a from the set 
course, e.g., by connecting the rudder to a gyrocompass through a 
follow-up arrangement. In this case, the differential equation of 
steering is 


Ta + aa+ (kp, [27c] 


The directional stability is obtained if kp: — m: > 0. This is 
true only for small angles. For larger angles instead of c, and 
(kp: — m,) more terms in the expansion of M(a) and M(y) must 
be considered. The damping due to ca is generally small and 
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the steering is bad in this case, because the rudder begins to move 
only after the deviation of the ship has actually occurred. The 
device is thus lacking the ‘‘easing off” and “‘meeting” actions of a 
good quartermaster. A steady undamped yaw will be main- 
tained in such a case. 

Combined Directional and Velocity Control. Assume now that 
the control of rudder is of the form y = ka + ga, the differential 
equation of steering is then 


+ (a + pigha + (kpi — =0....... [27d] 


It is seen that, if the intensity g of the velocity control is great 
enough, a “dead-beat”’ steering can be obtained similar to that 
produced by a skilled quartermaster when 


+ pig)? — 41 (kp, — m) > 


The velocity control thus serves to produce an artificial in- 
crease of the natural resistance to turning, owing to the term 
(pga) of the rudder action. 

Conclusions. It follows from the preceding analysis that our 
present knowledge of dynamics of the azimuthal motion of ships 
is limited so far either to empirical or semiempirical formulas 
based on the results of tests in each particular case. 

This is due partially to too many secondary factors which prob- 
ably cannot be included in any theory. 

It must be admitted, however, that, even if these secondary 
effects are left out, the fundamental effect, the oblique angular 
motion of rotation of a symmetrical hydrofoil (i.e., the ship) 
progressing through water, has not been formulated theoretically 
as yet (14). A rational approach to the problem may be sug- 
gested as follows: Assume that, instead of Equations [25] of 
steady state, the turning motion is specified in terms of four 
generalized coordinates: », ¢, a, 8, where p and ¢ are polar co- 
ordinates of G relative to the center of the circle; a is the angle of 
the azimuthal rotation of the ship with respect to G; and @ is the 
angle of heel. The drift angle in this case becomes 6 = 9 — a, 
which ceases to be a constant as is arbitrarily assumed in the 
present theory. In fact, all experiments on turning indicate that 
6 oscillates about its average value 5) during theturn. The drift 
angle 6 on this basis will appear as a discrepancy between the 
angle ¢ of rotation of G in space (at the rate ¢ > constant) and 
the rotation of the ship around G in the same direction (at a vari- 
able rate a). 

Following this line of attack and introducing series expansions 
for M(a), M(y), C(a), the solution of the problem may readily be 
obtained in terms of three Lagrangian equations in generalized co- 
ordinates, a, p, and 0, assuming ¢ = constant, which is probably 
sufficiently accurate. 

The first two Lagrangian equations give the azimuthal and 
heeling angular motions relative to G; the oscillations in drift 
angle and the angle of heel then appear logically as the result of 
interaction between the degrees of freedom, instead of being con- 
sidered as empirical factors not having any dynamical signifi- 
cance. 

Yet more interesting is the third degree of freedom along the 
tactical radius. The question of stability of tactical radius can 
probably be related to that of this radial degree of freedom. 

However, in order to be able to build up such a theory of azi- 
muthal motion, it is necessary to have the explicit form of differ- 
ent functions referred to in terms of their variables. It is cus- 
tomary to do this in an investigation of stability of airplanes by 
the method of so-called directional derivatives. 

Unfortunately no such theoretical approach to the problems of 
steering and turning has been made to date and this chapter still 
remains, to use Sir A. W. Johns’s expression (15) “the most 
neglected chapter of naval architecture.” 
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The Effect of Foundation Stiffness on the 
Resonant Frequencies of Rotating Machines 


Determined by Nonrotating Models 


By E. H. HULL, SCHENECTADY, N. Y. 


The work described in this paper was carried out in an 
attempt to clarify the problem of determining the effects 
of elastic foundations under rotating machines on the 
resonant speeds of those machines. Nonrotating models 
were used as a medium for studying this problem for rea- 
sons of expediency in construction, manipulation, and 
measurement. These models consisted of a “rotor’’ 
mounted in “‘bearings’’ from a rigid stator which in turn 
was supported through a foundation, the stiffness of 
which could be varied. The behavior of uniform rods and 
models of turbo-driven alternator rotors was studied in 
this apparatus. Results showed a wide variation of cer- 
tain resonant frequencies of the model system with 
foundation stiffness, emphasizing the need for careful 
consideration of the effect of this factor on the resonant 
speeds of full-sized machines when run on their perma- 
nent foundations. 


long, external-fin, heat-transfer tubes supported at several 

points, magnetically excited steel-rod models were used to 
facilitate experimentation. These models were composed of 
1/,-in-diam steel rods of convenient length, say 10 ft, supported 
in the same manner as, and at points spaced in proportion to the 
support spacing of, the prototype tubes. A small magnet ener- 
gized from a source of variable-frequency a-c power was used to 
excite the model rod. 

Using this model, the resonant frequencies for various com- 
binations of span length and number of spans were observed. 
A larger number of resonent frequencies appeared than had been 
expected. Fig. 1 shows the first six frequencies of a five-span 
case. These and similar observations indicated the following 
rule for uniform rods or tubes supported at several points more 
or less equally spaced: The number of modes of vibration (and 
hence the number of resonant frequencies) which a rod can 
perform at lower frequencies than that requiring a node near the 
middle of each span is equal to the number of spans. 

The ease with which experiments on vibrating rod models 
can be carried out suggested the use of the same type of appara- 
tus for nonrotating models of rotating machines. In particular, 
this method appeared suitable for studying the effect of founda- 
tion stiffness on the resonant speeds of 3600-rpm turbine-driven 
alternators. A similar method has been used in the Lynn and 
Schenectady turbine departments of the General Electric Com- 
pany for determining rotor resonant speeds in rigidly supported 
bearings. 


Lime an investigation of the resonant frequencies of 
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A simple case of a uniform rotor mounted in rigidly supported 
self-aligning bearings from a rigid stator on a variable-stiffness 
foundation will be discussed before taking up a more exact alter- 
nator model. 


GENERAL CONSIDERATIONS 


In general a long slender rod will show the same resonant fre- 
quencies and forms of vibration whether rotating or nonrotating, 
as indicated by the following analysis. Fig. 2 shows a portion 
of an excited rod in which a small element of length 5z has the co- 
ordinates z, y,andz. If this element is removed so that all forces 
acting on it may be shown, the Y components will be as indicated 
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in the lower portion of Fig. 2. V represents the shear acting on 
the left face of the element while 5V is the change in shear across 
that element. M indicates the moment applied to the left face 
of the element and 6M the change in moment across the element. 
The sketch in the lower right of Fig. 2 shows the resultant of all 
forces acting on this rod element. Angular displacements are 
ignored since their effect is small in long, thin rods. 
Summing forces in the Y direction we have 
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where m = = mass of rod per unit length. 


Rearranging Equation [1] gives, at the limit 5z ~ 0 


Summing moments about the center of gravity of the section we 
have 


6. 
[3] 
2 
Or, at the limit 6z > 0 
oM 


since aa is of second order. 


Differentiating Equation [4] gives 
av _ 
oz oz? 


Since M = El = for a uniform shaft 


oz? 


This expression defines the form and motion of the rod in the Y 
direction. 

Since this expression does not contain z and a similar expression 
written for the X direction would not contain y, the z and y 
components are independent. Therefore motion in the Y direc- 
tion is not influenced by motion in the X, or, in other words, the 
shaft will show the same resonant frequencies and displacement 
forms in transverse vibration as in rotation. 

Differences do exist between rotating and nonrotating models 
when rotatory inertia is considered. This factor accounts for the 
large amounts of stored energy in rotating systems which occa- 
sionally manifests itself at critical speeds. It does not change 
the values, or the form of the deflection curve at these speeds. 

Other differences between the rotating and nonrotating cases 
may occur in damping and in excitingforce. In the rotating case 
exciting forces due to unbalance are proportional to frequency 
squared, whereas in the nonrotating case exciting forces are 
whatever the particular setup in question provides. In experi- 
mental work they could be made proportional to frequency 
squared also. 

The following effects are not present with 
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ings can be a simple clamp supported by a flat spring. There 
are no lubrication or balancing problems. Frequencies are 
limited only by the a-c supply available, not by the bursting 
strength of the rotor. The exact form of vibration of the shaft 
can be determined since measuring devices for finding displace- 
ment, phase, and frequency can be applied to all parts of the shaft. 
Various types of unbalance can be simulated quickly. 


APPARATUS FOR UNIFORM Rop TEsts 


Fig. 3, a sketch of the apparatus used, shows a °/;-in. steel rod 
representing a simplified machine rotor held in the equivalent of 
self-aligning bearings from a section of 3-in. I beam which simu- 
lates the electrical-machine stator. This model stator is suppor- 
ted from a massive cast-iron block by means of flat steel bars, !/, 
X 2 in., which can be clamped at various free lengths to repre- 
sent a wide range of foundation stiffness. A variable-frequency 
a-c-powered magnet is mounted from the cast-iron base block in a 
position suitable for exciting either the rotor or stator as desired. 
Horizontal motion perpendicular to the rod is prevented by a 
3'/,-in. length of 0.088-in. piano wire running between each bear- 
ing clamp and an extension of the model base. 

Frequency of model vibration is determined by means of a 
set of Frahm tuned reed tachometers covering the range from 450 
to 24,000 vpm. Relative displacement, or in this case vibration 
velocity, is measured by means of a suitable pickup, amplifier, 
and 3-in. cathode-ray oscillograph. 

This oscillograph is useful in investigating the purity of the 
sine-wave response of the model and in determining phase as well 
as nodal positions. For the latter purpose two pickups are used, 
one connected with the horizontal and the other with the verti- 
cal plates of the oscillograph. The pickup connected to the 
horizontal plates is left in contact with the shaft at some conven- 
ient reference point while the other is moved along the shaft. 
Whether the resulting line on the oscillograph slants upward to 
the right or left indicates whether the two parts of the shaft 
under test are in or out of phase. Nodes are determined by 
noting those points along the shaft where the oscillograph trace 
reverses its direction of slant, that is, when it is horizontal. When 
the trace becomes horizontal between two positions which give 
slants in the same direction, a point of zero shaft displacement 
is indicated. The shaft is in phase on both sides of this point, 
not out of phase as would be the case with a normal node. At 
reasonably high frequencies when there are three or more nodes 
along the shaft, the position of a node can be determined to 
within in. 

MeETHOD 

In determining the effect of foundation stiffness on the resonant 
frequencies of a model shaft and stator system, we first measure 
the shaft resonant frequencies at the upper limit of foundation 
stiffness, that is with the stator rigidly supported. This condi- 
tion is produced by inserting steel shims under the stator and 
clamping it through these shims to the base. The excitation 
frequency is now varied over a wide range while noting the 
resonant frequencies and forms of the shaft vibration. Results 


nonrotating models: Gyroscopic forces caus- 

ing whip and changes in shaft criticals, half EXCITATION ROTOR 

criticals due to gravity deflection of a flat AS 
shaft, bearing disturbances such as oil whip, 

whip due to shrink fits, or internal friction, etc. 


On the other hand the experimenter work- 


ing with nonrotating models enjoys many ad- 
vantages. The apparatus is cheap and sim- 
ple to assemble and change. Shafts need not 
be straight or even round, self-aligning bear- 
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obtained in this manner give the familiar resonances of a uniform 
rod “supported-supported,” that is, fixed in space but not in 
direction at two points. 

The resonant frequencies thus obtained are plotted as hori- 
zontal dashed lines as in Fig. 4, labeled 1, 2, and 3. Actually 
these values should appear as points at an infinite distance to the 
right of the plot since the abscissa is proportional to the square 
root of the stiffness under the stator as will be explained l.ter. 
Resonant frequencies of the shaft in rigidly supported bearings 
are plotted in this manner since they are useful as limits in vis- 
ualizing the behavior of the system resonant speeds with varying 
foundation stiffness. 

After freeing the stator, its supporting springs are clamped at 
their maximum length. In order to obtain a measure of the 
spring stiffness for this spring length the shaft is removed and 
replaced by an equivalent weight clamped to the stator. Verti- 
cal resonance of this system is then determined. This resonance 
is the same as that which would be obtained if the shaft were rigid 
but not changed in weight. After its equivalent weight has 
been removed from the stator, the shaft is replaced and the several 
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Stator wt 
(Ratio Rotor wt 8.3.) 


TABLE 1 RESONANT FREQUENCIES (IN VPM) OF RODS IN 
RIGIDLY SUPPORTED BEARINGS 
Resonant form 
Shaft 1 2 3 4 5 
5/s X 41 In., no overhangs, test....... 1850 7150 15800 
5/s X 41 In., no overhangs, cale...... 1780 7120 16000 28500 
13200 18950 


x 
x 

5/s X 52 In., 2—5!/2 in. overhangs, test. 1820 6700 
xX 71 In., 2-15 in. overhangs, test... 1390 2750 4325 9250 17200 
X 56In., 1-15 in. overhang, test... 1540 3500 8200 16600 23600 


resonances of the system together with their vibration forms are 
determined. 

Now we decrease the length of the foundation springs by a 
small amount, determine their stiffness for this length with an 
equivalent shaft weight attached to the stator as before, replace 
the shaft, and again determine forms and resonance as has been 
explained. This process is repeated for the range of spring lengths 
available in the apparatus. 

Figs. 4, 8, 10, and 15 are plots of the stator with rigid-shaft 
resonant frequency on the abscissa against the frequencies on the 
ordinate at which the various resonant forms of the system occur. 
As mentioned before the abscissa values are proportional to_the 
square root of the foundation spring stiffness. 


REsvULTs FOR UnrrorM SHarr MopE.Ls 


Fig. 4 shows the effect of foundation stiffness on the resonant 
frequencies of a °/; X 41-in. uniform steel shaft and stator com- 
bination with no shaft overhangs. In Fig. 5 are sketched the 
form evolutions for the several resonant frequencies plotted in 
Fig. 4. The letter at the head of each series in Fig. 5 denotes the 
continuous curve in Fig. 4 marked in the same manner. Circled 
numbers in Fig. 5 refer to the points in the previous figure which 
are marked with the same number. The observed frequency in 
vpm for each form shown in Fig. 5 is noted directly under the 
circled number identifying that form. 

Frequencies marked 1 through 3 were obtained with rigidly 
supported bearings as explained under “Method.” The forms 
of vibration shown in Fig. 5 for these three frequencies are the 
normal forms for the first three resonances of a supported-sup- 
ported shaft. Calculated resonances (1)? for this shaft in sup- 
ported-supported bearings give 1780, 7120, 16,000 vpm (ratio 
1:4:9) which can be compared with the measured values of 1850, 
7150, 15,800 vpm as shown in Table 1. The fourth calculated 
resonance, 28,500 vpm, is just above the highest test frequency 

available. 


— © In Fig. 4 the lowest resonance marked A performs as 
— ai" — aaa &, — =e @) would be expected of a rotor in a flexibly supported 
stator. At a low foundation stiffness such as point 4 


in Figs. 4 and 5, the two imaginary shaft nodes are 


well outside the bearings allowing the shaft and stator 


to move in phase. As foundation stiffness is increased, 


(4) 2? Numbers in parentheses refer to the Bibliography at 
the end of the paper. 
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these nodes move in toward the bearings until at a high founda- 
tion stiffness such as point 5 they are nearly at the bearings, 
giving a resonant frequency equal to point 1 taken for a rigid 
foundation. 
curve A approaches as a limit the straight line 1, as foundation 
stiffness is increased. 

Curve B, in which the shaft and stator are out of phase, starts 
from a value somewhat above line 1, rising in frequency more or 
less parallel to the straight dashed line of Fig. 4 which line passes 
through all points of the same abscissa and ordinate values. 
If the shaft were integral with the stator this dashed line would 
represent the system resonance in which the stator moves paral- 
lel to itself. Resonance B is controlled almost entirely by the 
stator mass and foundation stiffness above values of foundation 
stiffness giving frequencies of 2400 vpm. If there were no shaft 
resonances interfering, the two shaft nodes starting just inside 
the bearings (point 6) would approach each other gradually and 
symmetrically as the foundation stiffness is increased. 

This normal behavior is upset when the excitation frequency 
is near a frequency giving a resonance of the shaft in rigidly 
supported bearings. Under these conditions a component of 
vibration of this form will be introduced into the motion of the 
shaft as at 8 and 9 on curve B. The point marked 8 in Figs. 4 
and 5 is quite near the resonance 2 causing a component of that 
form to be added to the usual form for this resonance such as 6 
orll. Fig. 6 shows the addition of three components taken in the 
correct proportions to form the shaft shape recorded for 8. F 
and G (Fig. 6) are taken from point 13 on resonance curve C. 
Form H is an estimate, based on 6 and 11, of the form of 8 with- 
out the interference of resonance 2. The solid line labeled F + G 
+ H is the algebraic sum of the three component curves 
while the circled points indicate measured values of displace- 
ment taken on the shaft at this frequency. It is not surprising 
that form 2 intrudes even though the system and excitation 
are made as symmetrical as is experimentally convenient since in 
most actual systems all forms of resonance are excited by a single 
force irrespective of position. 

The shifting of the nodes from right to left between points 8 
and 9 in Fig. 5 is due to the phase shift on passing through the 
resonant speed of form 2. Since in raising the frequency from 
point 8 to 9 we have passed through resonance for form 2 there 
should be a reversal of phase in this form reversing the phases of 
both F and G of Fig. 6 which would account for the nodal shift 
noted above. Some simple experiments along these lines are 
described later under the heading ‘Phase Shift.” 

Resonance C, starting at zero frequency at zero foundation 
stiffness, initiates a series of resonant forms in which the stator 
rocks about an axis near its center. This series rises in fre- 
quency proportional to the rocking frequency of the stator with 
rigid shaft until a frequency is reached which produces shaft 
distortion in the three-node, two-loop form of resonance 2. In 
this region the resonant frequency of C rises less steeply, bending 
toward the horizontal to approach the value of 2 as a limit. 
Sketches 12 through 14 in Fig. 5 illustrate this evolution. 

Resonance D starts from a value above 2 since it is of the same 
form as 2 with the shaft end nodes shifted in from the bearings a 
short distance. These nodes continue moving inward as the fre- 
- quency rises as shown in Fig. 5, sketches 16 and 17. The dis- 
symmetry in 17 is due to curve D crossing E. In this range the 
shaft responds somewhat in form 3 which when added as in Fig. 6 
will give form 17. It would appear that resonance D is approach- 
ing the calculated five-node resonance at 28,500 vpm as a limit 
in the same way that curve A approaches 1 and curve C ap- 
proaches 2. Curve B appears to be approaching 3 in the same 
manner. 

The similarity of the points of nearest approach of curves 
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A and B and of curves C and D is interesting. In each case the 
form of vibration developed in the lower of the pair is continued 
in the upper without change except for a reversal of phase between 
the rotor and stator as the nodes cross the bearings. The vibra- 
tion form for curve A starts the nodes well outside the bearings 
bringing them in to points practically at the bearings while 
curve B starts the nodes just inside the bearings and brings them 
in to nearly the third points in the shaft. A similar evolution 
occurs in C followed by D except that in these resonances there 
is always a node near the middle of the shaft and of the stator. 
Fig. 4 does not tell us what happens beyond its limits. How- 
ever, it can be seen that the pattern of the resonance curves is 
determined by five straight lines, the three lines representing 
the rigidly supported bearing resonant frequencies and two ob- 
lique lines rising from the origin. The lower of these two (the 
dashed line) has been mentioned before; it represents the reso- 
nance of the stator and rigid shaft in transverse vibration. The 
dot-dash line represents resonance of the same combination 
rocking about a horizontal axis in a plane perpendicular to the 
shaft axis and passing through the center of gravity of the vi- 
brating system. These guide lines plus the five-node resonance 
line (all six being calculated values) are drawn in on Fig. 7. 
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The observed behavior of the apparatus suggests that there are 
two separate systems of resonance; one associated with trans- 
verse motion of the stator and even numbers of nodes in the 
shaft, and the other showing rocking motion of the stator and 
odd numbers of shaft nodes. Thus using the guide lines of Fig. 7 
we can sketch in the resonant-frequency pattern of this system. 
A, B, E, and the lines representing an even number of nodes 
give the transverse stator vibration system and C, D, etc., and 
the lines representing an odd number of nodes giving the rocking 
system. These could be extended indefinitely in frequency and 
number of nodes. Note that Fig. 7 is based entirely on calcu- 
lated values. 

Fig. 7 indicates that curve E should not change in frequency 
over the range studied in Fig. 4. 

Data were taken also on a °/s-in-diam uniform shaft 52 in. 
long giving 5'/:-in. overhangs. Since these overhangs were 
short there were no major differences in the behavior of this rod 
when compared with the 41-in. shaft with no overhangs. Values 
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of resonant frequency were depressed somewhat by the presence 
of the overhangs as indicated in Table 1. 

Because of the rather small effect of the overhangs noted with 
the 52-in. shaft, data were taken for a 71-in. shaft (15-in. over- 
hangs) on the same 3-in. I beam and bearings. As shown in 
Figs. 8 and 9 these overhangs are sufficiently long to produce new 
modes of vibration such as 3 and 4 (Fig. 9) when the shaft is 
held in rigidly supported bearings. 

The flexibility of this shaft with its long overhangs is so great 
compared with the foundation flexibility that at the lowest 
foundation stiffness available the shaft nodes for curve A were 
practically at the bearings. 

The new form B in which all parts of the shaft and stator are in 
phase shows very little change in form over the stiffness range 
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THE RESONANT 
FREQUENCIES OF A °/g X 71-IN. SHAFT ON A 3-IN. I-BeEAM STATOR 


of the experiments except for a gradual reduction of the shaft, 
displacement at the bearings to zero at values of high foundation 
stiffness. 

Because of the long overhangs, curve C starts with nodes 
inside the bearings rather than outside as with shorter overhangs. 

Curve D, having a frequency higher than curve C within the 
limits of these tests, shows nodes outside the bearings. This is 
peculiar since normally in the same type of vibration the shorter 
loops are associated with higher frequency values. Further- 
more the nodes of series D travel outward with rising frequency 
as indicated in forms 10, 11, and12. Atstator support stiffnesses 
above that giving form 12 the shaft ends form another loop 
which crosses the zero-displacement shaft axis once in form 13 and 
twice in 14. 

In series EF the shaft has the same form as in series B. The 
change from no shaft nodes to four is caused by the reversal of 
phase of the stator with respect to the shaft. 

Series F begins with a form similar to 4. As the foundation 
stiffness rises the resonant frequency is controlled principally 
by the stator in rocking motion with the shaft following along as 
best it can. At the point where F crosses G the response is in the 
G form. 

Two reasons are suggested in explanation of the fact that series 
G does not change in frequency value with foundation stiffness: 
The foundation stiffness may not have been increased to a suf- 
ficiently high value as in the case of curve E of Fig. 4 or the bear- 
ings may be placed at, or near, those points at which nodes would 
occur if the shaft were suspended in space and excited at this 
frequency (17,200 vpm). 

The next tests were made on an unsymmetrical system formed 
by cutting off one of the 15-in. overhangs from the 71-in. shaft 
leaving a 56-in. shaft with one 15-in. overhang. Figs. 10 and 11 
indicate that dissymmetry in the overhangs has complicated the 
results considerably. 

In rigidly supported bearings the measured resonant fre- 
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quencies of this shaft are as shown in Fig. 11, forms 1-4. The 
most interesting change noted is the combination of forms 2 and 
& of Fig. 9 to give form 2 of Fig. 11. This statement may be 
verified by adding these two forms after the manner of Fig. 6. 
Consideration of the frequencies of Table 1 also shows form 2 
of Fig. 11 to be an average of forms 2 and 3 of Fig. 9. 

When foundation flexibility is introduced, series B, Fig. 11, 
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shows a form of development similar to one which will be dis- 
cussed later under ‘Phase Shift.” In this series the nodes pro- 
gress toward the bearings until curve B has crossed curve 1, 
Fig. 10, then the nodes approach each other, meet, and disappear, 
leaving a loop as in form 9, Fig. 11. This form further develops 
to form 2 as its resonant frequency approaches that of form 2. 

The development shown in series C is quite complicated since, 
in the range of this test, curve C crosses lines 1, 2, and 3. At 
each crossing the rod attempts to assume the corresponding 
rigidly supported bearing form. Thus at point 10 the form is 
close to that of 1, 14 close to that of 2, and 16 close to that of 3. 
The resulting contortions of the system produce forms in which 
the number of nodes in the rod varies from 2 to 1 to 3 and those 
in the stator from 1 to 0. 

Series D exhibits an interesting evolution in form in which the 
two right-hand shaft nodes start on either side of the overhang 
bearing and separate, the one on the overhang disappearing. 
The overhang then forms another loop which eventually inter- 
sects the rod zero-displacement axis, forming two nodes in a form 
very near that of 3. Apparently the same phenomenon in the 
overhang is developing in series E. 


SHIFT 


In all but a few exceptional cases the various parts of the sys- 
tems described in this paper vibrated either in or out of phase 
with respect to each other. When a change in response form was 
required the system shifted the number and position of its nodes 
instead of changing, the phase of two portions gradually from 0 
deg to 180 deg. The two following experiments indicate the 
type of behavior to be expected. 

A system consisting of a 7/;.-in. steel rod 33 in. long simply sup- 
ported at the ends from a rigid foundation was magnetically 
excited at a point one quarter of the rod length or 8'/, in. in 
from the left end. Fig. 12 shows the first two resonances of this 
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rod at 1950 and 7500 vpm. The development of the form of the 
displacement curve between these two resonances is shown at the 
left: of Fig. 12 in which the circled points are measured values. 
Displacements at resonance are not drawn to scale. At the right 
in Fig. 12 is shown the change in nodal position with frequency. 
From these and similar observations a general rule can be 
formulated for symmetrical supported-supported rods. On ris- 
ing excitation frequency, nodes originate at the support nearest 
the excitation, traveling from there toward the other support. 
For example, the development of the third resonant form in 
this rod will be accomplished by a shift of the second resonance 
central node to the */; point while another node originates at the 
left support and moves along the shaft to the '/; point. The 
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reason for nodes appearing on the same end of the rod as the ex- 
citation is given under ‘Results for Uniform Shaft Models” in the 
discussion of the 41-in. rod behavior. 

One perfectly symmetrical case of nodal shift was investi- 
gated for a system similar to that of Figs. 8 and 9 but with a 
*/-in. shaft substituted for the original 5/s-in. shaft. Fig. 13 
shows the development of displacement form at constant founda- 
tion stiffness from a point similar to point 6 on curve A, Fig. 8, 
to a point directly above on a curve similar to B. Excitation 
was symmetrically applied, both resonant forms are symmetrical, 


and there are no intervening unsymmetrical resonances. Fig. 13 
indicates that the nodes start just outside the bearings in form A, 
progress inward, meet, and disappear resulting in form B. Ata 
higher foundation stiffness form B will develop into a form similar 
to form 7, Fig. 9. 


CALCULATION 


The question of calculating these resonant frequencies has 
arisen. Uniform rods without overhangs in two rigidly sup- 
ported bearings are easily calculable (1). Dunkerley (2) has 
covered some cases with overhangs. R. B. Bodine, engineering 
general department, General Electric Co., has investigated mathe- 
matically the case of a uniform rod with no overhangs in bear- 
ings rigidly supported from a stator which in turn is elastically 
supported. His results are in excellent agreement with Fig. 4 
of this paper. If overhangs are added, either symmetrical or 
nonsymmetrical, the resulting complication exhausts the patience 
of even a mathematician. 


INTRODUCTION TO ALTERNATOR MopEL Srupy 


The previous discussion is in the nature of an introduction to 
the determination of the effect of foundation stiffness on the 
resonant speeds of turbo-driven alternators. This problem is 
particularly interesting in the case of large two-pole 3600-rpm 
alternators since in these machines the running speed is above the 
calculated first critical in rigidly supported bearings. There is 
also the possibility of resonance at 7200 vpm due to dissymmetry 
in the machine. This disturbance may be caused either by the 
two-pole magnetic distortion of the stator or the twice-per-revo- 
lution gravity deflection of the rotor. 

Since bearings cannot be rigidly supported in these sizes all 
resonances calculated for rigidly supported bearings must be 
tempered by values of foundation stiffness. In general there 
will be two resonances of a machine on a flexible foundation for 
each resonance calculated for rigidly supported bearings. When 
this number of resonances is multiplied by two again for the 
vertical and horizontal foundation stiffnesses we have several 
resonances which may be within the range of the two possible 
exciting frequencies at 3600 and 7200 vpm. 

For these reasons a series of model tests were made in an at- 
tempt to determine where and in what form resonances might be 
expected in a completed machine on its permanent foundation. 

In designing a model the following assumptions were made: 


1 A dynamically similar model of the machine rotor, cal- 
culated as outlined hereafter to have the same first resonant 
frequency in rigidly supported bearings as its prototype, will show 
equality with the prototype in all its resonant frequencies. 

2 Bearings are self-aligning, rigidly supported from the stator. 

3 The stator is a rigid body elastically supported from a rigid 
reference plane. 

4 The turbine can be ignored. 

5 The machine foundation is two massless elasticities, one 
under each machine bearing. 

The use of a nonrotating model necessitated the further as- 
sumption: 

6 A nonrotating model will show the same resonant frequen- 
cies and modes of vibration as its rotating prototype. 


Assumption 6 has been covered theoretically in the discussion 
of uniform rotor behavior. Assumptions 1-5 are self-explana- 
tory. 

Monet DesiGNn 

For the model study reported here a composite design of a 
3600-rpm, 2-pole, 37,500-kw, hydrogen-cooled alternator was 
used as the prototype. A dynamically similar model was de- 
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sired which would show the same rotor single-loop resonance in 
rigidly supported bearings as its prototype. This similarity is 
obtained as follows (3). 


wih 
In any beam, deflection is proportional to EI where W = 


weight, 1 = length, EH = Young’s modulus, and J = moment of 
inertia of cross section. Resonant frequencies are proportional 


to V = or in any two beams the ratio of the resonant frequencies 


is 


| 

fm _ [7] 
E,I, 
W,l,° 


where subscript m denotes model and p, prototype. If we make 
the model and prototype of the same material and of equal 
natural frequencies the expression Equation [7] can be reduced to 


rd*ly 
Substituting J = 64 and W 4 


(y = weight per unit volume) in Equation [8] gives 


Wn _ 
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Thus we have two very simple expressions for determining model 
dimensions based on the choice of length ratio; the diameter 
ratio (Equation [9]) is the length ratio squared, and the weight 
ratio (Equation [10]) is the length ratio to the fifth power. 

In designing a model, the prototype rotor is broken down into a 
number of constant diameter sections for which W, and d, can be 
obtained. Slotted rotor sections are reduced to equivalent solid 
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rotors for determinations of d, for stiffness, but taken at full 
diameter in calculating their weight, since insulation and copper 
in the slots approximates steel in density. 


We can now assume a reasonable length ratio, say : = -. 
P 

and calculate from Equation [9] the lengths and diameters of all 

sections of the model except the field. In those sections in which 

all of the prototype weight contributes to stiffness the weights of 

the model sections which are calculated from Equation [9] will be 

correct. 

The field-section diameter of the model rotor can be deter- 
mined from the d, for stiffness and Equation [9]. The amount 
of weighting necessary is determined by the difference between the 
weight of the model sections as calculated from Equation [10] 
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and the weight as determined from the COLA BETOR 
diameter as given by Equation [9]. This RIGIO 
weighting is added to the model in the form 


of several rings distributed over the field 
section. Additional loading on the proto- a 
type such as retaining rings are simulated 
on the model by suitable rings weighing 
1/y9) of their prototype weight. Model- 


rotor dimensions shown in Fig. 14 are for = = 


the aforementioned composite machine. 
The model stator was formed from a 
piece of boiler plate of the length and 
weight determined by the same length 
and weight ratios as used for the rotor. 
Self-aligning bearings used in this model 
are the same as those described previously A 


3550 9500 


for uniform rods. 
A change was made in the design of 


the foundation springs for this model. 


The double cantilever or fixed-fixed springs 


used previously did not behave as con- 
centrated elasticities under the bearings 
since in rocking of the stator the two 


ends of the flat spring bar did not remain 
This effect was avoided on the 


present model by effectively pivoting the 
spring bar to the stator through a short 
piece of wide phosphor-bronze strip dis- 
posed as indicated in Fig. 14. 

Data were obtained and plotted for this 
alternator model in the same manner as 
for the uniform rod apparatus which was described previously. 


Resvutts From ALTERNATOR MopEL 


Fig. 15 shows the several model resonant frequencies for which 
Fig. 16 gives the forms of vibration. Since the behavior of this 
model is very similar to that of the 52-in. uniform shaft model 
with 5'/;-in. overhangs, little explanation is necessary. Forms 
11 and 12 of series B show a nodal shift to the left as the form 2 
component builds up in preparation for the crossing of line 2 by 
curve B. This behavior has been explained in connection with 
Fig. 6. After crossing line 2 curve B will approach line 3 asymp- 
totically. The trend of the other resonances beyond the limits 
of Fig. 15 is indicated in Fig. 7. 

If this machine were placed on a foundation which had the 
assumed characteristics of these model foundations and which 
showed a linear resonance of the stator plus a rigid rotor at 1600 
vpm in the vertical plane and 500 vpm in the horizontal plane 
then the expected machine resonances would be as follow: 


Vertical Horizontal 
1520 vpm 500 vpm 
2610 vpm 810 vpm 
2680 vpm 2550 vpm 
7200 vpm 7200 vpm 

15560 vpm 15560 vpm 
21100 vpm 21100 vpm 


It should be noted that this form of model does not allow “‘roll- 
ing” resonances about axes parallel to the machine rotor as de- 
scribed -by Vesselowsky (4). 

Several other types of data may be collected from machine 
models of this type. Perhaps the most interesting is the shape 
of the rotor-deflection curve at nonresonant frequencies with 
various unbalance combinations. For instance, rotor shape may 


3000 
© 

5200 

= 6350 
—— 

én 6950 


Fig. 16 Evo.ution or Forms or RESONANT VIBRATION OF AN ALTERNATOR MODEL 


be determined at running speed frequency for a pure couple un- 
balance. In this case the couple is simulated by two similar 
magnets placed some distance apart axially, on opposite sides 
of the rotor, and equally excited by the same power supply. 
Other problems answering the question of what is the effect of 
correcting weights in certain planes, on unbalance in other 
planes, may be worked out also. 


CoNCLUSIONS 


From the foregoing work it appears that the type of non- 
rotating model described here is useful in investigating, quickly 
and at small cost, the forms of vibration of machines having long, 
slender rotors. The method appears particularly adapted to the 


_prediction of resonant frequencies and displacement forms of 


large two-pole alternators on their elastic foundations. 
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Action of Deep Beams Under Combined 
Vertical, Lateral, and Torsional Loads 


By C. 0. DOHRENWEND,' STORRS, CONN. 


This paper is devoted to a discussion of the behavior of 
beams when the primary vertical load acts at the same 
time as the secondary lateral and torsional loads. Beam 
loading of this type occurs in the case of shop traveling 
cranes, measurements indicating that the lateral and tor- 
sional loads are much smaller than the primary vertical 
load. The author considers the problem of the ‘‘deep 
beam” in which the moment of inertia of the cross section 
about the horizontal axis is much greater than about the 
vertical axis. The solution is achieved by determining the 
equation of twist in the beam and the moment or load 
where small increases of their values cause large increases 
in the values of angle of twist. 


creasing moment M,, applied at its ends, may become un- 
stable at a certain value of M, and deform in a lateral 
direction to a new position of equilibrium. This problem of 
lateral buckling accompanied by a twist has been discussed by 
many investigators.?, The importance of considering this lateral 
buckling and twisting of beams, where the stiffness in the plane 
of bending is large compared to the lateral and torsional stiffness, 
cannot be denied. The problems of lateral and torsional sta- 
bility of the so-called ‘deep beam” are usually of the type pro- 
duced by loads applied in a direction parallel to the axis of mini- 
mum principal inertia of the cross section of the beam. How- 
ever, there are a few cases of practical interest where, in addition 
to the primary vertical load, applied parallel to the axis of mini- 
mum principal inertia, there are secondary lateral and torsional 
forces to be withstood. This type of beam loading occurs in the 
case of traveling shop cranes. In these cases it is of importance 
to determine the extent that the stability of the beam is affected 
by the action of the lateral and torsional loads in addition to the 
vertical loads. 
It is the intent of this paper to discuss the behavior of the 


\ STRIP with narrow cross section if bent in its plane by in- 
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beams when the primary vertical load acts at the same time as the 
secondary lateral and torsional loads. Measurements made on 
traveling overhead cranes? indicate that the lateral and torsional 
loads are much smaller than the primary vertical load. It is evi- 
dent then, that the problem involved is one where the lateral and 
torsional stiffnesses are small compared to the vertical stiffness 
of the beam. The expression “deep beam’’ is applied to this 
kind of beam, and it means that the moment of inertia of the cross 
section about the horizontal axis is much larger than about the 
vertical axis. 

The solution to the problem of combined vertical, lateral, and 
torsional loads cannot be obtained in the same manner as in the 
case of the single vertical load. This is so because the beam un- 
der combined load has only one position of equilibrium for values 
of the applied loads, while in the case of the single vertical load 
there is a certain value of the load for which two positions of 
equilibrium exist. It is necessary, therefore, to determine the _ 
equation for twist in the beam and investigate that equation to 
determine the values of moment or load where small increases of 
their values cause large increases in the values of angle of twist. 
While in these problems there is no value for load or moment at 
which the beam becomes unstable and passes to a new position of 
equilibrium, limiting values do exist which if exceeded will cause 
failure of the beam by the rapid increase of the displacements. 

Tn all the problems considered, the central axis of the beam in 
the unstressed state is assumed straight, and the cross section 
of the beam is assumed uniform along the length of the beam. 
All the forces and loads acting are assumed to be applied at the 
elastic curve. 

The differential equations of the deformed strip may be de- 
rived by the use of a set of fixed coordinate axes 2, y, z and a set of 
axes x’, y’, 2’, as shown in Fig. 1. The deformation of the strip is 
defined by two components of the displacement of the centroid of 
the cross section and by the angle through which the cross section 
rotates. Represent the displacement in the z direction by u and 
the displacement in the y direction by v and the angle of rotation 
by ¢. For the relation between the positive direction of the co- 
ordinate axes and the positive direction of rotation, take the 
same relation between translation and rotation in a right-handed 
screw. The term ¢ is taken as positive when the rotation is in 
the direction from the z to the y axis. If the quantities u, v, and 
remain small, so that terms above the first order may be neglected, 
the table for the direction cosines between z, y, and z and 2’, y’, 
and 2’ is 


x y 
a’ 1 __ du 
ds 
dv 
y 
du dv 
z ds ds 1 


3 Measurements at Whiting Corporation, Crane Division, Harvey, 
Ill., July, 1939. 
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FoR UNSTRAINED AND STRAINED BEAMS, AND DISPLACEMENTS U IN 
THE x DIRECTION AND IN THE y D1 RECTION, RESPECTIVELY 


When the deflections and slopes are small quantities so that ds = 
dz and terms of second order and higher may be neglected, the 
expressions for k, k’, and +r become, where k, k’, and 7 represent 
curvatures and twist 


k= + — = and 
Zz 


The curvatures and twist are related to the moments by the ap- 
proximate formulas 


B, = stiffness about z axis = E/, 
B, = stiffness about y axis = El, 
C = torsional stiffness = GK 

M, = moment about z axis 

M, = moment about y axis 

M, = moment about z axis 


The values of M,’, M,’, and M,’ are the values of the moments 
of the forces acting to the right of any given cross section. The 
moments are positive when they act in the same direction as was 
given to positive rotation with respect to the z, y, and z axes. 
These values of moment are related to the values of moment 
about the 2, y, and z axes as follows 


du 
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dv 
B, M, + M,¢—M, en [2] 
do du dv 
C = Mi — + M, 
M,—M, [3] 


APPLICATIONS—ZERO Torsion Loap 


In order to begin the discussion of particular problems, it is 
desirable to consider a simple case first. For the first problem 
we will take the case of equal and opposite end moments applied 
at the ends of the bar. The ends of the bar are so held as to pre- 
vent deflection in the z and y directions, but the bar is allowed to 
assume values of slope in the z and y directions. The problem 
chosen is shown in Fig. l(a). For this case the equations of 
equilibrium are reduced to 


d% 

dtu 

B, dz? M, + M,¢ ee [5] 
do du dv 

C— =—M, — + M,—.............. 
dz dz dz [6] 


Differentiate Equation [6] with respect to z and substitute from 
Equations [4] and [5] and the result is 


dg M M 
=———~(M,+M (M, — M,@)..... 
M,? M,? M,M 1 1 
et CB, CB, m? and C S 
The differential Equation [7] may be written 
The solution is 
S 
= Cy sin ms + cos ms + — [9] 


The values of C; and C; are determined from the boundary condi- 
tions ¢ = Oatz = 0,z = Land we have 


S sin mz 
n 


+ (cos me — 10 


The maximum value of ¢ occurs at z = L/2 


sinmL/2 S 


= — ~ (1 —cos mL) = 
m me m? 


sin mL 
If sin mL = 0 the value of ¢ becomes infinite. 
Therefore mL = x 


M,? M,? 1/2 


This constitutes a condition for maximum values of M, and 
M,, depending upon the relation between them. Let M, = aM, 
then the limiting value for M, may be determined for definite 
values of a. This expression may be written as 


CBB, 1/2 
M, = r/L B, + 


If the value of M, is zero the value of a is zero. 
for M, reduces to 


4S. Timoshenko, reference (2), p. 252. 


The equation‘ 


De 
al 
e 
4 
a 
d 
f 
k= —*, k'=—" and = 
where 
4 
| 
M,' = —M, + M,¢ M, 
dz 
dv 
= M, + — —M, 
dz 
du dv 
4 
dz dz 
These when combined with the expressions for curvature give rs ts 
4 
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(M,). = 7 (Bsc)? [14] 


This expression is at once identified as the known expression 
for critical moment when a single moment M, is applied to the 
strip. In the case of combined moments, the limiting values are 
lower than the critical values for a single moment. 

Next consider the case of a deep beam, supporting a concen- 
trated load at the center. The load is applied so that it is inclined 
to the principal axes of inertia. The vertical component of the 


load is denoted by P and the lateral component is denoted by Q. | 


The loaded beam is shown in Fig. 2. 


Origin 


0/2 


0/2 


v 


P/2 


Fig. 2. Deep BEAM SuPPORTING CONCENTRATED LOAD aT CENTER 


The differential equations of equilibrium may be obtained from 
Equations [1] to [3] in a manner similar to the way in which 
Equations [4] to [6] were obtained. In this case 


P Q 
M, => — v) 
where u = 6, and v = 5, at z = 0 and we have, neglecting second- 
order terms 


(8,—v). . [17] 
The solution of this set of differential equations may be found by 
differentiation of Equation [17] with respect to z, and substitution 
from Equations [15] and [16]. The following differential equa- 
tion results 

d? 

+ mw*d — rw? = [18] 


where 


The solution may be written 


(mw*)? (mw?) 


3:4 
(mw?) r 


(mw?*)? 
Cow E 45 
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The constants are found from the boundary conditions 


@=O0atz = L/2, w=0 
and 


oats =0, w = L/2 


The value of ¢ is then written as 


] 


(mw)? 
+. ints 4589°°°" + [20] 
where 
(mL*)? (mL?)* 
h= | 32) 347.27 ] [21] 
(mL*)? | (mL*)‘ 


¢ is a maximum at z = 0; w = L/2 


m? 2p 
where 
(mL*)? (mL?*)* 
qI= 34.28 + 347.828 | 
(mL?)? (mL*)* 


The expressions for s, p, h, and q as functions of mL? are shown 
in Fig. 3. It is obvious that ¢ is equal to infinity when p = 0. 


10 

gq, oN 

— 

NA | 
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Fig.3  Vauess oF 8, p, h, AND g AS FUNCTIONS OF mL? 


This condition exists when mL? is equal to 8.465. When the 
relation between P and Q is Q = aP, the Rone limit for P 
is found as follows 


1/2 
PL (1. 
+ 


2 CB, 
1/2 


This limiting value of P reduces to the known value of P criti- 
calf when Q = 0. When Q = 0,a = 0. 


P= [27] 


B, + a*B, 


P= 


16.930 


pa 
4 
hin 
_= P 
L 
is 2 \o > - [15] 
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The value of ¢max may be plotted as a function of PL?/B, for 
different values of a and various values of the beam constants. 


Deep Beams Wirs I-Cross SecTION 


The formulas obtained in the preceding discussion cannot be 
applied to deep beams with I-cross section. The twisting in the 
case of the I-section is always less than that obtained for the 
narrow strips already discussed. The lower value of twisting is 
due to the fact that the angle-of-twist-and-torque relation used 
for prismatic bars is based on the assumption that the cross sec- 
tions are free to warp. In the case of the I-beam sections, the 
sections are restrained from warping by the bending action of the 
flanges. In general, the torque applied to an I-section is resisted 
partially by torsional stresses and partially by shear forces set up 
by the bending action of the flanges. The equation’ for M,’ then 
becomes 


dp Dh? d*@ 
— —— — = M,’ 
2 
where 
D = flexural rigidity of one flange in plane of flange = (1/2)B: 
(approximately) 


h = distance between centers of gravity of flanges 


Consider now a problem similar to the first problem discussed, 
substituting for the rectangular cross section the I-section and 
allowing the moment M,’ to become zero. 

In this case the differential equations of equilibrium are 


d% 
dp Dh? d'o du dv 


This set of equations can be solved in a manner similar to that 
of the previous discussion. The differential equation for ¢ may 


be written 
1 dad 1 
dz f 
where 
g? f* Dh? ) Bs 
and 


The formal solution to the differential equation is 
@ = C, sin mz + Cz cos mz + + Cre” + f¥ 


where 


2g? 


m= 
2g? f' 


The constants of integration may be determined by applying the 
boundary conditions 


5S. Timoshenko, reference (2), p. 257. 


@=O0Oatz=0; ¢=O0atz=L; — =Oatz =0; 
dz? 
and ga 


If the relation between M, and M, is expressed by M, = aM, 
the limiting value of M, is expressed by 


M, B, + aB, (32) 
If the value of M, is zero, a is zero and the equation’ reduces to 


Torsion ADDED 


If in addition to the loads acting, as already considered, a tor- 
sion is added at the center of the beam, Equations [1] to [3] are 
not so easily solved. Return to the first case discussed and add a 
torque of 2M, at the center of the beam and apply the equations 
of equilibrium, Equations [1] to [3]. Integration of Equation 
[3] gives 

M 


M, M, 
[34] 


¢$=— 


from the condition ¢ = 0, u = 0,v = 0,atz = 0,4, = 0. Now 
substitute this value into Equations [1] and [2] and they become 


dz BC’ BC 
du M,? M,. MM, 


Eliminate the variable v from Equations [35] and [36] and the 
following differential equation in u results 


where 


{Me M,  M,\}/2 
BC BB, 


The solution may be written 


u = By sin az + By cos az + By + Ba + 


from the condition “ = Oatz = L/2 


_ —E, sin aL/2 + const 
cos aL /2 


or 


— —E, cos aL/2 + const 
sin aL /2 


6 S. Timoshenko, reference (2), p. 261. 
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and if cos aL/2 = 0 orsin aL/2 = 0,u = 
aL or 


if cos aL/2 = 0, 9 9’ 


aL=r 


and if sin aL/2 = 0, 


al = 2x 


E, — © more rapidly than F:, therefore, aL = x is the limiting 
case. This may be written 


M,? M, Mf 
\BC * BB, 
Let M, = aM, = 6M, 


“pay 


If now the torsion load is applied to the second case discussed, 
the result cannot be obtained in a similar manner because M, and 
M, are functions of z. However, it is possible to solve the case by 


assuming that the values of “ as obtained from the simple bend- 


ing theory can be used here. This assumption replaces Equation 
{1] by an expression not involving ¢. The limiting vertical load 
in this case, due to the approximation, will then work out to be 
the same as in the case of single moment M, applied. However, 
it is possible to solve the set of equations under this assumption 
for value of ¢ which would be useful in a design problem. The 
maximum value is given by 


Of, _ Mes 


Values of s, p, h, and q are obtained from Fig. 3. 


dv 
If ps is neglected entirely, the equation for ¢@max is 


Q B, hs M,Ls 
= P 2pC .--[4i] 


In order to verify the results of this assumption, values of twist 
for a deep-beam model were measured and compared with the 
theoretical values. The model is Muntz metal and has a rec- 
tangular cross section. The dimensions are length = 57 in.; 
thickness = 0.125 in.; and depth = 1.428in. The results of this 
experiment are shown in Fig. 4. For the model with the values of 
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used, the thevretical value of ¢ computed from Equation [40] 


varies from that given by Equation [41] by less than 0.1 per cent. 


CONCLUSIONS 


The results of this work are based on the assumption that B, 
and C are small compared to B;. K. Federhofer’? has shown how 
the critical loads vary when the values of B; and C are not small 
compared to B,;. The same type of modification is necessary for 
these results as in the case of critical values discussed by him. 
When plots of ¢max as a function of the primary load are made, 
the rate of change of ¢ with load increases rapidly when P reaches 
a value of about */; the limiting value. The design value for P 
may be determined by setting an arbitrary limit to the rate of in- 
crease of ¢ with respect to the primary load. For cases when 
secondary loads act, it is evident that the limiting load is mark- 
edly decreased. Further work along this line, especially in the 
direction of the action of beams when the values of B, and C are 
not small compared with By, is desirable. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data 
and information drawn chiefly from papers previously pub- 
lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The first series dealt with the subject ‘Strength of Ma- 
terials’’ and the present series will cover the subject ‘‘Vi- 
bration.’”’? The data have been prepared by a subcom- 
mittee of the Applied Mechanics Division (J. Ormondroyd, 
chairman), under the general guidance of S. Timoshenko. 


The fifth article which follows is by A. L. Kimball. This 
considers Friction and Damping Problems as did the fourth 
article, Part IV, also by Mr. Kimball, which was published 
in the March, 1941, issue of the Journal of Applied Mechan- 
ics, pages A-37 to A-41. The reader should also refer to the 
previous articles, particularly Part II, page A-128, of the 
Journal of Applied Mechanics for September, 1939, where 
material on damping constants and friction is discussed. 
Note the definition of logarithmic decrement in Part III, 
page A-36, the March, 1940, issue which is frequently used 
in Part IV and the following Part V. 


Vibration Problems 


Part V—FRriction AND DAMPING IN VIBRATIONS 


By A. L. KIMBALL,! SCHENECTADY, N. Y. 


9—F actors CONTROLLING INTERNAL FRICTION 


Internal friction is usually measured through vibratory motion 
and can be completely specified as a function of amplitude and 
frequency such that 


AW = $(f, y) 
where f = frequency and y = amplitude. 

On the other hand, these two independent variables, each of 
them in turn, depend on a variety of physical factors which, 
for convenience of this discussion, we will classify under six 
headings, which are indicated in Table 4. 


TABLE 4 FACTORS CONTROLLING INTERNAL FRICTION 


Plastic flow 
Strain hardening 
Heat-treatment 
Thermoelastic coupling 
(a) Macroscopic 
(b) Microscopic 
5 Magnetoelastic coupling 
6 Temperature 


including ‘elastic aftereffect”’ 
including ‘‘cyclical state’ 


Solid-friction data will be presented in two ways in this dis- 
cussion: First, through Table 5 which lists the logarithmic- 
decrement constants for a number of materials as obtained by 
various investigators. Second, the curves of Figs. 3 to 7 have 
been prepared to illustrate how 6 may vary under different 
conditions as listed in Table 4. 

Note that the values of 5 of Table 5 are expressed as constants. 
This is done for convenience in making calculations where 
damping is present and also for purposes of comparison between 
different materials. In general, however, there is a certain 
amount of variation of 6 with amplitude and frequency so that 
for a complete story, curves like those of Figs. 3 to 7 are necessary. 

Note that in the case of Tables 2 and 3, the solid friction was 
reduced to two simple cases expressed by a formula of the form 
W = af"y". 

10—INTERNAL-FRICTION CONSTANTS 


Table 5 gives in chronological order results of some of the 


1 Consulting Mechanical Engineer, General Electric Company. 
Fellow A.S.M.E. 


more important investigations in this field for the last 25 years. 
The numbers in the left-hand column refer to the list of references 
at the end of this article. 

The chronological arrangement has been chosen because it 
is desirable to present the work of each investigator as a unit 
because nearly every investigation involves differences in the 
setup of apparatus and the method of measurement. Further- 
more, some investigators are interested in amplitudes of vibra- 
tion which are quite large which bring in the influence of plastic 
action; while others have confined their investigations to very 
small strains where plastic flow is, for the most part, absent. 

In column 4, the internal-friction measurements are given in 
terms of logarithmic decrement 6 to which the results of all 
investigators are reduced for a common basis of comparison. 

In every case, the approximate frequency is specified where 
vibration tests are made. 

The stress or the strain amplitude is also specified where 
possible, although this information has not been given by some 
experimenters. 

Note that some of the logarithmic decrements 6 are obtained 
from torsional vibrations and others from flexural vibrations. 
The former are referred to under the term, “shear,’’ and the latter, 
under the term, “normal,” because these are the two types of 
stresses involved. 

The following comments may be made on certain of the 
investigations: 

No. 3. It was noted that difficulty was encountered in 
avoiding losses at the point of soldering. An effort was made 
to find if the law of viscous friction, as proposed by Stokes, 
applies to internal friction in metals. The results were in- 
conclusive. 

No. 5. This represents the first good check between decre- 
ment produced by vibration and that corresponding to a static 
test, indicating that internal friction in solids is not viscous in 
character. 

No. 8. This work is of interest because of the early application 
of piezoelectric excitation and the high frequency of longitudinal 
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TABLE 5 LOGARITHMIC DECREMENTS 6 FOR INTERNAL FRICTION IN SOLIDS 


SEPTEMBER, 1941 


INVESTIGATOR] METHOD = LOG FREQUENCY] STRAIN| STRESS| REMARKS INVESTIGATOR | METHOD | MATERIAL Ie. LOG DEC |FREQUENCY|STRAIN| STRESS} REMARKS 
NORMAL VIBRATION NORMAL CLIP SUDDENLY 
3 FORK OF PULLED OFF 
Sn |.o1e9 REEDS SOLDERED] | AL KIMBALL] CONCRETE | CONCRETE]. 075 10 Low | suSPENDEO 
IN MASSIVE 5 FT.LONG FORK 
VOIGHT | VIBRATING Zn -00605 [1 TO 5 BLOOKS 1930 
REEDS 
1892 Al 00082 2 YEAR SHEAR 
NORMAL 
TT 
stee. |. 00239 | 000006 
Cu 1S TORSION oF | QUARTZ | FUSED 
WIRES WITH apout |Asout 
SHEAR KA TOMLINSON] oy | STEEL | 0000018 
| STEEL |.00045 67 | ruses 00. 1930 ene Al 000044 STRETCHED 
FE ROWETT . 00075 67 10000 Al .0000023 ANNEALED 
STEEL 
1913 AN! 67 6000 | aT Sn .000080 
STATIC - ooo | NORMAL 
17 6 INCREASES 
MAL STATIC ON | BRONZE | -00! 83 60,000 | WITH STRESS 
Cu | AMPLITUDE 
ROLLED .00125 930 bad 100 p00 
ViBRAT! 
ano ABOUT 30900] 317 STR 
4 
|.0080 Jitos | & FOR NORMAL NORMAL 
MAX STRESS 
KONNo | 37 18 Al 
THICKNESS « cRYST = 
ABOUT .1CM. 1 VIBRATING apouT > 
1921 ROLLED | 90055 KIDANI REEDS STEEL | 0040 
| 00169 1931 Ni 0180 UNSTRETCHED 
ABOUT 
STEEL |.0015 S000. | Ni | .004 STRETCHED 
NORMAL SHEAR 
8 
Al }.00044 40,000 | PIEZO-ELECTRIC 19 STEEL }.0021 BALL BEARING 
To 
VIBRATING EXCITATION VON VIBRATION AgouT CHROME 
BARS Cu |.cozo 50,000 HAYDEKAMPA “Testing ooes 5 10" | 30,000 | Vanadium 
6Lass | .0020 1931 MACHINE 0100 Cr -Ni-W-Mo 
NORMAL 0350 Cr-Ni- Mo 
SWAGEO 22 NORMAL 
MILD VIBRATION | QUARTZ 2 PIEZO-ELECTRIC 
R 
Al ROLLED 1935 | 0000064 
Ni .0032 ROLLED RMA 
KIMBALL | REVOLVING | woneL | .0014 50 | ROLLED 23 0003 
AND DEFLECTED | To Al 
LOVELL .00037 3 ROLLED 00006 
RODS Ze WEGEL | visrRaTION 4 LONG! TUDINAL 
1926 GLASS | .0064 AND APPROX 006 apourT = VIBRATION OF 
1Q000~/sgec | Cu To 10,000 z BARS 
Mo 0066 SWAGED 1935 00075 
STEEL To 
Ww -O165 SWAGED 000075 
CELLULOID. 0450 VIBRATION SHEAR 
SHEAR ToRSION |EBoNITE |. 029 02 To 4 WIRE WITH DISK 
ON BOTTOM 
Cu 0240 1080 | ANNEALED 26 " Giass |.014 . ENO 
Al . 0240 10* | 2400 A.GEMANT | FLEXURE | EBONITE|.085 1 TO 10 
ARMCO To W. JACKSON <4 
RHCANFIELD] | IRON |-0200 | 15 TO20 11600 . Giass |.009 8x10 
1928 | SCM LONG | woneL | .o200 1620 1937 wooo |.027 LOADED REEOS 
| steer |. 9900 | COLD ROLLED . Ni STEEL |.0017 
Bronze | 8100 Cu 
' NORMAL 34 SHEAR 
ARMC _ VIBRATION 
GHKEULEGAN| ince #000 | 26cm x 1.4 LEaverman| VIORATION 18 2000 
1928 1939 STATIC 
SHEAR 
MEASURES 6 NORMAL 
4 FROM FREE 35 STEEL 250 TO 
0. FOPPL | vipration | stee, | o900 | “8847 | ic? VIBRATION GewanT | visraTion | GLass | 003 
MACHINE 
1929 wooo |.0s00 BEECH 1940 PARAFFIN |. 140 250 
STEEL | .0004 » | .s00 4500 STEEL TUBES 


' 
| 
| 
a 
4 
4 
4 
| 
4 
| 
ae 
| 
5 
| 
; 


KIMBALL—VIBRATION PROBLEMS 


A-137 


| | | | 
% OF ELEMENT PRESENT | O4MMGRAINS | | co) } | | | } | . 
45 | | | 
| 5 42, | | 3 
| 002 0002 | 
| | | | | 
| | 
ae $ $ 819,500 Gauss|_ 
Ol} + = + + + + 
004 4 } + 00! 000! | 4 
| > | | 
"| | |_| 4000 8000 1,2000 16,000 
20,000 40,000 SHEAR ,LBS/IN® 
SHEAR .LBS/IN@ FIG. 6 
FIG 3 |_| 
= 
— 200 600 *C TI 
ANNEALING TEMP | | | | | | | 
FIG 4 
| | | | 
| \ T 
+ + + +—+ ++ \ Zinc 
| 
+4 + ++) 00015 +4 00015 
w TT 
w + + 
{| ‘ | 
BENNEWITZ ‘magni YI | 
MONEL* 4—+ +4444 — + + 
+ + + + TT +++ + 006 MM 
| | | Lfewosenor erowzel | 
i I Li Lt ° 
10 100 1,000 10000 


FREQENCY IN CYCLES PER SECOND 


FIG. 5 


Fics. 3-6 Curves ror Log DecREMENTS 6 FOR INTERNAL FRICTION IN SOLIDS 


003 
002 
00! 
& 
0005 
0003 / | | 
10 20 30 40 50 100 
TEMP. °C. 


Fig. 7 Vartations or 6 WiTH TEMPERATURE 


vibration obtained. Regardless of these high frequencies, the 
logarithmic decrements came out about the same as for very 
low frequencies which indicates that the internal friction en- 
countered was nonviscous in character. 

No. 9. This is of interest because of the entirely different 
method employed, and regardless of this fact that the values 
of 5 are of about the same order of magnitude as those previously 
noted. A striking feature of these experiments is the very small 
variation of internal friction with frequency. (See Fig. 5.) 

No. 14. These results were obtained by O. Féppl at the 


Wohler Institute and are taken from a small volume written by 
him under date of 1929 (14). 

The Féppl-Pertz testing machine described in this volume is 
designed primarily for shearing stresses of fairly large amplitude 
in which the region of plastic flow is approached. By great care 
in clamping the specimens, together with minimum stylus fric- 
tion, decrements as low as 6 = 107-3 can be measured. 

No. 15. This is of interest as being the only test of its kind 
on record. Note that 6 was nearly equal to 10 per cent, which 
explains the considerable damping present in concrete structures. 


11—LoGarRITHMIC-DECREMENT CURVES 


Fig. 3 was obtained from curves of von Heydekampf (19), 
in which 6 is plotted against the amplitude of shearing stress in 
the test rod. Note in general that 6 rapidly rises with stress 
amplitude, except in the case of sample No. 4 of nickel steel. 
This rise of 6 with stress amplitude is characteristic of most 
metals when the stress amplitude is large enough to cause plastic 
flow. Plastic flow influences 6 through the amplitude y alone, 
regardless of the cycle frequency. 

Fig. 4 shows some remarkable effects of annealing of cold- 
worked specimens. Note that in every instance (except for the 
dotted curve), a marked decrease in 6 is obtained by the annealing 
process; although in the case of copper, 6 begins to rise rapidly 
again at a fairly low annealing temperature. This is also illus- 
trated in work of Kidani (18, p. 120), where rolled plates of 
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aluminum show a decrease in 6 with increase of annealing tem- 
peratures. 

It is of great importance to observe at this point that these 
effects are obtained only for vibration stress amplitudes which 
are comparatively small. When the vibration stress amplitude 
is large, the opposite is obtained, that is, annealed specimens 
with large grain size show much larger values of 6 than when 
these samples are afterward cold worked or vice versa. This is 
shown very interestingly (45, Fig. 6) by Canfield, and by G. R. 
Brophy (44, Figs. 1-4), in both of which cases shearing stresses 
of large amplitudes were employed. The latter test was made on 
a Féppl-Pertz torsional-vibration machine. 

A study is reported by Canfield (46, Fig. 7), of the effect of 
grain size on damping for copper, using grain diameters all the 
way from 0.02 to 23 mm. Over a stress range of from about 
1000 Ib per sq in. shear to 15,000 lb, grain sizes produce prac- 
tically no effect on the decrement. In nearly all of the stress 
range covered, 6 was greater than 0.01. 

Another interesting effect was noted by Canfield (45, Fig. 7), 
wherein plastic deformation of armco iron produced a sudden 
rise in 6 which recovered in the course of 24 hours so that 6 was 
again about as low as before. 

The right-hand dotted curve of Fig. 4 shows a different kind 
of internal friction which is the result of grain size of the sample 
produced by annealing, which is plotted against the right-hand 
scale. A thermoelastic coupling arises from the granular struc- 
ture of the material, whereby the elastic modulus itself is granular 
in character (30, p. 98) and causes a thermoelastic internal- 
friction dissipation through heat flow between grains, as ex- 
plained in §12._ This remarkable curve was obtained by Randall, 
Rose, and Zener for a sample of brass (29, Fig. 3), which ref- 
erence also shows curves for two other frequencies. Note that 
this effect is very small and therefore requires highly refined 
technique to obtain the excellent check which is noted between 
experiment and theory. Furthermore, the strain amplitude 
must be relatively small. 

In recent work, Zener notes that in order to reduce external 
losses to a minimum, the vibrating bar is best supported at its 
nodes by two parallel silk threads. 

This figure also shows a curve for a much coarser-grained 
material, that is, zinc, for which this microscopic thermoelastic 
action is the largest for any material observed, and is plotted 
against the left-hand scale. 

For both of these curves 6 is plotted against grain sizes. For 
thermoelastic coupling, however, decrement may also depend 
on frequency and shows maximum values, whose corresponding 
frequency depends on the grain size and character of the ma- 
terial. (See Fig. 5.) 

The curves of Fig. 5 show variations of 6 with frequency which 
are controlled primarily by the thermoelastic effect. They fall 
into two groups; those which occupy most of the figure at the 
center and left part which depend upon the large scale thermo- 
elastic effect. These were obtained from the work of Bennewitz 
(25), except for the curve for the copper reed which comes from 
(31). 

The second group of curves at the right of the figure are plotted 
to one hundred times as large a scale. In fact, these latter 
curves were taken from the same studies as were the curves for 
brass and zine of Fig. 4 just discussed, except these are plotted 
according to frequency rather than according to grain size. 

The curves of the large-scale thermoelastic action as a cause 
of internal friction are indeed remarkable because of the very 
close check obtained with theory as to what frequency the 
maximum value of 6 should occur at and how large this value of 
6 should be. For a further discussion of this point, see §12. 

In this figure are 6 approximately horizontal curves covering 


a frequency range of about 8 to 50 ~. This group was obtained 
by the author from the revolving-rod test (9 and 10). These 
curves are notable because of their great lack of sensitivity to 
frequency change which is characteristic of ail observations made 
using this method. The effect is probably tied up with the cold- 
working action to which the revolving rod is continually sub- 
jected. Observations were made after the rods were in the 
“cyclical state’? where 6 showed a minimum value. 

A remarkable thing about the curve for brass at the right of 
the figure is the very low value of 6 which represents one of the 
smallest of such measurements ever obtained by investigators. 
These dotted curves are plotted against the right-hand scale. 

Fig. 7 shows a case where there is a marked rise in internal 
friction as dependent on rise of temperature (51). This is of 
considerable interest and is being followed through by Zener and 
his collaborators. 

The effect of temperature in general on internal friction is very 
complex. The case just noted is for extremely small strain 
amplitudes. The effect is of importance in engineering especially 
where the amplitudes are much larger with possible danger of 
fatigue failure. For example, certain chromium steels show a 
rapid increase in vibration-damping action with temperature rise 
at comparatively low stress amplitudes (5000 lb per sq in.); 
whereas, at twice this figure, the condition reverses such that 
with temperatures up to 500 C the damping is much less than 
it is at room temperature. This important field requires further 
investigation. 

Fig. 6 is taken from (47) and shows an interesting effect on 
5 produced by magnetic fields for large strain amplitudes using a 
Féppl-Pertz testing machine. Note that the lowest dissipation 
of all occurs where the field is a maximum and is alternating. In 
fact, as the field is decreased, its effect in decreasing 6 tends to 
become less and less. 


12—TuHERMOELASTIC EFFECTS ON VIBRATION DAMPING 


This matter has been studied thoroughly from the standpoint 
of the mathematical physicist by Zener. It had been known 
for some time that this effect must be appreciable (21), but Zener 
was the first to attack the problem quantitatively (28; 43, 
p. 158). 

Cyclical changes of the elastic moduli of the vibrating materials 
arise whereby in every vibration cycle there tends to be a shift 
from adiabatic to isothermal elasticity as a result of heat flow. 
When the vibration is very rapid, the compressions and exten- 
sions are almost purely adiabatic; whereas, when the vibration 
frequency is low, compared with the heat-flow rate, such an 
elastic cycle is almost entirely isothermal. There lies a point 
half-way between these two limiting conditions where a maxi- 
mum work area or dissipation is obtained in a vibration cycle. 

This effect falls under two headings: First, that produced by 
stress differences between one part and another of a vibrating 
body, such as between the two sides of a vibrating reed due to 
the vibration flexure. The second class is where stress irregu- 
larities arise because of granular structure. The first effect is 
called macroscopic, and the second microscopic. The maximum 
value of 6 obtained as a result of the first effect is large relatively, 
being of the order of 10-* or more, whereas, that arising from grain 
structure may not be more than a hundredth of this value. 

The following classification is drawn up for the macroscopic 
thermoelastic coupling, based on Zener’s work. 

For uniform rods in general 


For max 6, f = fo so 


ime 
Pa 
i 
j 
: 
= 
q 
a 
Se 
q 
3 E. s—Er f of 
PRE 
j 
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Flexural vibration vibration 
Rectangular Circular 
cross section cross section 
1.57D 2.16D Cs? 
a’? a’ 2rD 
(Where a is the (Where a is the 
thickness) diameter) 
a = length, em 
D = thermal diffusion constant 
Es = isentropic or adiabatic elastic modulus 
E, = isothermal elastic modulus 
cs = velocity of sound in rod (cm/sec) 
TABLE 6 
Values of a 
(thickness) for 
D— ces Es— Er fo = 1000 ~ 
Metal units Es dmax X 103 cm 
Al 0.88 0.0046 7.2 tas 
Cu 1.20 0.0030 4.7 0.042 
Fe 0.20 0.0024 3.8 as 
Pb 0.24 0.0025 3.9 0.020 
Mg 0.60 0.0050 7.9 aS 
Ni 0.15 0.0029 4.5 0.015 
Pt 0.26 0.0015 2.3 vas 
Ag 1.74 0.0034 5.3 0.051 
Sn 0.40 0.0040 6.3 0.025 
Zn 0.41 0.0088 13.8 0.025 


Commenting in general, it is evident that where a body is 
large in size, the frequency must be very low for this influence 
to enter. Note the cases calculated in column 5, in Table 6, 
for a reed vibrating at 1000 cycles a second, which show what its 
thickness a must be so that this thermoelastic damping is a 
maximum. 

As mentioned in the previous section, it is of great interest 
that the application of the formulas here presented predict the 
maxima of the curves of Bennewitz very closely, which were 
obtained for flexural vibrations of circular wires. 

Note that this effect does not appear in torsional vibrations 
because in the case of a pure shear the elastic dilatation and thus 
the thermoelastic effect is zero. Note also that dissipation per 
cycle is proportional to amplitude squared so 6 is independent 
of amplitude, when produced by cyclical flow of heat. 


13—OrTHER EFFEctTs 


A word should be said at this point regarding “elastic after- 
effect.” This is a conception introduced by Maxwell and 
Boltzmann (2) whereby a solid material under load flows by an 
amount proportional to load and time, which although quite 
perceptible at first, rapidly falls off, and tends to recover after 
the load is removed. Various writers have attempted to formu- 
late this action mathematically, for example (7). Solid-friction 
dissipation can be thus partially accounted for, but our latest 
knowledge shows that this effect is seldom very important. 

A curious effect can be noted in certain materials of organic 
composition such as celluloid or glyptal whereby two different 
elastic moduli can be measured, one of which-may be more than 
100 times as large as the other. One of these ‘s obtained by 
applying a steady load to a beam of the material which causes 
it to yield plastically for a moment until it is restrained by an 
elastic reaction. This elastic constant is very low compared 
with another one which can be obtained by impacting the same 
sample so that it will vibrate for a few cycles. In the first case 
the elastic modulus is determined by a permanent elastic connec- 
tion between an open network of molecules, and the high damping 
constant arises from the flow of the rest of the molecules within 
the open network. The higher elastic coefficient results from 
the elastic reactions between the mass of molecules including 


those which flow under steady load, but which can flow but 
slightly when the frequency of loading is high like that of a 
vibration. 

It is for this reason that certain materials which appear to 
have very high damping constants from static tests are unsatis- 
factory as vibration absorbers in the reduction of sound. 


14—ENGINEERING APPLICATIONS 


Vibration damping in structures like buildings and foundation 
platforms for machinery, etc., show values of 6 which are very 
high. These, on the average, range between 6 = 0.5 andé = 
0.05. It is rare that the vibration damping of a structure is 
lower than the last figure. 

There is one important case where 6 may be much lower and 
that is where there is no damping, except that in the metal of 
which a structure is made. 

Structures in general, however, even though composed of 
individual members of steel whose damping constant is very low 
may show a high value of 6 when taken as a whole, because of 
friction in the joints and furthermore, there may even be impact 
damping present due to vibration interference between parts. 
When all these effects are taken together, 6 for the whole structure 
will be as high as 0.1 or more. 

Vehicles such as automobiles and passenger cars have their 
springs so designed that friction is present. This may be in a 
leaf-spring structure or there may be special dampers used. 6 
for these structures is very high, usually over 0.1. 

Another entirely different kind of damping which is of impor- 
tance enters in the case of power-driven rotating machinery which 
tends to prevent hunting. It can be shown that this damping 
is exactly analogous to viscosity damping (52, p. 126; 40, p. 225). 
The friction coefficient c (see p. A-39 of the March, 1941, issue 
of the JourNAL or AppLiED MEcHANICs) is given by the relation 


This coefficient therefore depends on the slope of the speed- 
torque curve. It is normally negative which corresponds to 
the case of amplitude decay (see Table 2, column 2 of the March, 
1941, issue of the JouRNAL or APPLIED MEcHANIcs, p. A-39), but 
when positive the vibration amplitude builds up instead of falls 
off so that the system is unstable. 

There is also an interesting field of so-called self-excited vibra- 
tions which may arise because of the presence of damping in the 
system. There are certain conditions where this damping may 
build up a vibration instead of damp it out. For a discussion 
of this interesting field see (49 and 50). 
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Discussion 


Experimental and Theoretical Inves- 
tigation of a Turbine Foundation’ 


R. K. Bernwarp.? It might be of some interest to supple- 
ment this paper by reference to similar investigations on large 
turbine foundations carried out in 1930 by the writer. The im- 
pulses were excited by one vibrator instead of four as used by the 
author. The vibrator consisted mainly of two eccentrically sup- 
ported masses combined in one housing. To excite horizontal or 
vertical impulses, both masses rotated in opposite directions. 
To excite torsional impulses, in either the horizontal or the ver- 
tical plane, both masses rotated in the same direction, but with 
180-deg phase difference.* Only one relatively weak driving motor 
was required, thus reducing the no-load curve of this electric 
motor substantially. Hence, power-input (watt) frequency 


1 By S. Vesselowsky, published in the June, 1940, issue of the 
JoURNAL OF APPLIED MECHANICS, vol. 7, no. 2, p. A-63. 

2 Professor and Head of Department Engineering Mechanics, The 
Pennsylvania State College, State College, Pa. 

3“‘Dynamic Tests by Means of Induced Vibration,’’ by R. K. 
Bernhard, Proc. American Society for Testing Materials, vol. 37, 
part 2, 1937, pp. 634-645. 
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curves indicated a pronounced peak at critical (resonance) speeds. 

The main advantages of this type of exciter are that damping 
and amplification factors may be determined easily and with 
sufficient accuracy in most practical cases from these response 
curves. Simultaneously the influence of the soil under the founda- 
tion, i.e., first the effective vibrating-soil volume (mass) and 
second, the dynamic-bedding value, has been determined ex- 
perimentally.¢| The dynamic-bedding value in lb-in.~* replaces 
to a certain extent an important part of the spring constant of 
the complete vibrating system. 

The evaluation of the watt-frequency curves is used at pres- 
ent advantageously in the laboratory of the department of 
engineering mechanics of The Pennsylvania State College. 
An improved oscillator’ allows the application of impulses of 
constant magnitude and not impulses increasing with the square 
of the frequency (w,?) as used by the author. Figs. 1 and 2 
show characteristic power-discord curves with varying damp- 
ing.® In Fig. 1, the exciting forces are rising with the square of the 
frequency (effect of centrifugal forces); in Fig. 2 the exciting 
forces have constant amplitudes (improved oscillator). It is 
obvious from these illustrations that the disadvantage of the 
shift in resonance peak with increasing damping toward higher 
exciting frequencies can be avoided; the nonsymmetric response 
curves Fig. 1 are changed into symmetrical response curves 
Fig. 2, with a resonance peak at the discord a: = 1, i.e., com- 

Wn 
pletely independent of the damping. Due to impulses having a 
constant magnitude throughout the test, the no-load curve of the 
driving motor is further reduced, thus making the resonance 
peaks yet more pronounced. 


T. C. RatuHpone.’? Because of the complexity and diversity 
of turbine-generator foundations, ranging all the way from mass- 
concrete to all-steel structures, exact calculations in the design 
stage to avoid resonance in operation have been well-nigh im- 
possible or else so tedious and uncertain that they are seldom 
attempted. 

In this country, the large turbine manufacturers seldom, if 
ever, design and build the foundations for their turbines. Ac- 
cording to the usual procedure, the turbine manufacturer supplies. 
a customer with an outline of the plan of the turbine generator, 
showing the details of the footing supports, sole plates, foundation 
bolts, ete., and the loading at the various support points. The 
specification usually calls for some minimum static deflection, 
assumed to be required to avoid a major resonance at the operat- 
ing speed, and sometimes makes a recommendation for lateral 
rigidity in terms of an acceleration factor for the masses involved. 

The manufacturer is rarely in a position to dictate or control 
the major features of the foundation design; this is usually 
dictated by the particular plant layout, and by the plant con- 
structor’s individual preferences as to mass-concrete, composite, 


4 “Geophysical Study of Soil Dynamics,” by R. K. Bernhard, 
American Institute of Mining and Metallurgical Engineers, Tech- 
nical Publication No. 834, 1938. 

5 U.S. Patent No. 2,206,386. 

6“Theory and Practice of Vibration-Testing Machines,” by 
W. Spaeth, Julius Springer, Berlin, 1934. 

7 Chief Engineer, Turbine and Machinery Division, Engineering 
Department, Fidelity & Casualty Company of New York, New 
York, N. Mem. AS M.E. 
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or the all-steel type of structure. Considerations of space, cost, 
and harmony with existing plant generally prevail. 

It is now generally recognized that the natural frequencies 
of the complete installation depend upon the combination of the 
dynamic characteristics of the machinery and the dynamic char- 
acteristics of the foundation and matt. The machinery char- 
acteristics are more or less fixed and the foundation character- 
istics must so conform to these that the final composite dynamic 
characteristics do not result in a serious resonance condition at the 
normal speed of operation. Thus, the manufacturer’s responsi- 
bility is more or less limited to that of supplying accurate infor- 
mation regarding the masses and elastic characteristics of the 
equipment for which the foundation is to be designed, and he 
cannot be expected to assume liability if the final combination 
is so unfortunate as to result in acute resonance at the operating 
speed. Thus, it is up to the foundation designer to provide a 
structure which will result in satisfactory operation in so far as 
vibration due to resonance is concerned. This, however, has been 
an extremely difficult problem, largely one of hits and misses 
with a surprising number of misses. 

Years ago, Dr. Timoshenko advocated extreme simplicity in 
foundation design which would permit of calculations with rea- 
sonable assurance of accuracy. Unfortunately, the foundation 
is so affected by space limitations and location of condensers and 
auxiliaries that desired simplicity is impossible. 

Much may be gained to aid future designs by vibration studies 
on existing structures, now made possible through the use of 
improved seismic instruments. It seems to the writer that this 
opportunity has been greatly neglected. An accurate assay of 
the dynamic characteristics of any structure or installation, as 
regards its sensitivity or vibratory response for a unit amount 
of unbalanced force at any location and at any speed, can now 
easily be determined by means of the modern types of balancing 
equipment which show both the amplitude of vibration and the 
phase relation, e.g., vibration vectors.® 

The complexity of foundation vibration can be illustrated by 
plotting the amplitude and direction of vibration obtained by 
suitable vibrometers at points throughout the structure.* It 
would be extremely difficult. to predict from design the particu- 
lar mode of vibration in which most foundations choose to 
vibrate at the operating speed. Other examples are shown in 
Figs. 3 and 4 of this discussion. Fig. 3 represents a Jocal reso- 
nance condition which was drastically modified by the addition 
of a '/:-ton weight. 

The reliability of natural-frequency calculations can be no 
better than the initial assumptions. For example, the value of 
E for a stack of steel plates in compression varies as the load, 
approaching 30,000,000 as the plate surfaces come into more 
intimate contact. Again, the machinery loading may not always 
be imposed as assumed, but may shift with temperature dis- 
tortions, as illustrated in Fig. 5, with corresponding changes in 
natural frequency. Unequal heating of columns with consequent 
redistribution of loading is another familiar cause of changes in 
vibration. 

The great difficulty in attempting to predict the natural fre- 
quencies of a turbine-generator installation, which fall in the 
neighborhood of the operating speed, lies in the fact that these 
higher frequencies represent complex modes of vibration and 
rarely involve the fundamental primary modes. For example, 
the fundamental frequency in the lateral direction of a great 

8 The derivation and analysis of the unit vibration vectors for each 
bearing of a turbine-generator unit are shown in Fig. 15 of the paper, 
“Turbine Vibration and Balancing,’ by T. C. Rathbone, Trans. 
A.S.M.E., vol. 51, 1929, part 1, APM-51-23, pp. 267-284. Fig. 20 in 
that paper illustrates an actual case of a complex mode of vertical 


vibration at the top of the foundation by means of a “‘vibration con- 
tour map.” 
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many installations lies around 200 to 400 per min. Resonances 
encountered around 1800, 3600, or the double-frequency 7200 
rpm usually involve local portions or local members of the struc- 
ture. 

The method used by the author for creating controlled, un- 
balanced periodic forces is extremely valuable especially when it 
is neither possible nor feasible to create vibratory forces by the 
operation of the turbine itself. The writer had one unusual ex- 
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perience in carrying out such a test on a large motor-generator set 
which is worth noting. The natural frequencies in the various 
modes of vibration had been determined when the main unit 
had been out of service for some time. The structure was vi- 
brated by a rotating unbalance driven by a small variable-speed 
motor, similar to the method described in the paper at the sug- 
gestion of Dr. Timoshenko.’ The data obtained did not appear 
to check data previously observed with the unit in operation and, 
therefore, a second check was made with the vibrator method 
but this time with the main-motor-generator rotor revolving 
slowly. As a result, the lateral motions particularly were quite 
different. This was explained by the fact that, when the main 
rotor had been stationary, the journals were “frozen” in the 
bearings so that the entire mass of both rotating and stationary 
elements was vibrated as a whole, i.e., all of the inertia was 
brought into play. However, when the main rotors were re- 
volving slowly on an oil film, the inertia of the rotating element 
was more or less isolated from the stationary element, particu- 
larly in the lateral direction. The rotating element, acting as a 
sort of independent pendulum, tended to remain steady and un- 
affected by the vibrator. It would be of interest to know whether 
the author observed any similar phenomenon in his experiments. 

Another method we have used for determining the natural 
frequencies of an installation without actually operating the 
machine, and one that is particularly simple for the lateral di- 
rection, consists in straining the structure to one side, in a manner 
similar to the means used by the author for determining the 
elastic constants, and then suddenly releasing the tie, allowing the 
structure to snap back, under which condition it will make several 
oscillations at its own natural frequency before the motion dies 
out. This can be recorded by the Geiger or Cambridge or similar 
recording vibrometer. The writer has used this method to good 
advantage on many kinds of installations, including large boiler 
installations which had been vibrating in response to recipro- 
cating machinery. 

It is often possible to determine not only the fundamental fre- 
quency, but also the frequency at some of the higher modes, 
and particularly the see-saw modes, by appropriate location of 
the straining force. 

Resonance implies a cumulative storage of energy supplied by 
small residual periodic forces of unbalance, and certain funda- 
mental characteristics can be laid down for a foundation to mini- 
mize the vibratory response due to this residual unbalance. The 
energy supplied by the vibrating or periodic force is dissipated in 
three ways: (1) In overcoming the inertia of the structure; (2) in 
straining the structure; and (3) in internal and external friction. 
Thus, other things being equal, the foundation having the great- 
est mass, the greatest stiffness, and the maximum, amount of 


* Reference 4 of paper, p. A-66. 


damping should produce a minimum of response from vibratory 
forces. The superiority of mass-concrete over the purely struc- 
tural-steel foundation is evident on all three counts and, in this 
writer’s experience, most of the obstinate turbine-vibration prob- 
lems encountered have been on steel structures. 


AUTHOR’s CLOSURE 


Concerning the comments of Professor Bernhard, the author 
is fully aware of the advantages of the study of soil proper- 
ties by dynamic methods, in the development of which Profes- 
sor Bernhard has been so successfully active. 

At the same time, the author wishes to point out that soil 
(i.e., some undetermined number of cubic feet of ground under 
the mat, on which the foundation with the turbine on it is erected) 
as a rule does not participate in the vibrations of the turbine, 
if the foundation is built with at least some degree of care. This 
is so even if the soil is so weak that the settlement of the mat is 
measured in many inches. 

Weakness of the soil and its settlement can affect the alignment 
of the unit, make necessary its reassembling, provoke important 
reactions from the adjoining elements of the installation, etc. 
But, in the case of rapid (20 to 60 cycles per min) impulses caused 
by a vibrating turbogenerator, the reaction of the soil on the mat 
of the foundation, in all practical cases, is to be considered as one 
of infinite rigidity. 

The situation here is quite different from that in cases repre- 
sented by steam hammers, Diesel engines, ete. On the other 
hand, properties of the soil form a factor of primary importance 
in the static computations concerning the design of the sub- 
structure. 

With reference to Mr. Rathbone’s discussion, the author 
wishes to clarify some points of importaace. As Mr. Rathbone 
states, the natural frequencies of the complete installation de- 
pend upon the combination of the mechanical characteristics of 
the machinery and of the foundation. This makes a study of the 
dynamic properties of the whole system necessary every time 
that excessive vibrations can be attributed to resonance condi- 
tions. 

Incorporation of greater masses or of greater stiffness into the 
structure can have good and also bad effect on the intensity of 
vibration. The author could quote practical examples proving 
the correctness of this statement. 

The observations of Mr. Rathbone concerning various cases 
of vibrations are of great interest for the practical engineer and 
for the theoretical study of the problem. Our knowledge of the 
complexity of foundation vibrations increases with the improve- 
ment of our measuring technique, but the dominant modes of 
vibration, primarily to be avoided, are the modes of natural vibra- 
tions of the system. This fact must not be obscured by secondary 
phenomena often accompanying the vibratory motion. 
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Book Reviews 


Elementary Fluid Mechanics 


ELEMENTARY Fiurip Mecuanics. By John K. Vennard. John 
Wiley & Sons, Inc., New York, N. Y., 1940. Cloth, 6 X 9 in., viii 
and 351 pp., 217 figs., $3.50. 


REVIEWED BY Hvuau L. DrypEn! 


‘THs book is an elementary textbook based on the lecture 

notes for a course given by the author for ‘“‘beginners who 
knew the principles of mathematics (i.e., through calculus) and 
mechanics.” The aims of the author as expressed in the preface 
are commendable—to approach the subject analytically rather 
than empirically, to recognize no arbitrary boundaries between 
fields of engineering knowledge, to give results which are not 
limited to special cases, to place emphasis on the physical ideas at 
the sacrifice of mathematical rigor. 

The book consists of nine chapters dealing with physical proper- 
ties of fluids, statics, flow of an ideal fluid, flow of a real fluid, 
similarity and dimensional analysis, flow in pipes, flow in open 
channels, fluid measurements, and flow about immersed objects. 
The use of the slug-foot-second system throughout and the em- 
phasis on the dimensions of quantities is an excellent feature in a 
book intended for American engineers. There are more than five 
hundred problems which may be used by the student to improve 
his skill in the practical application of the fundamental principles. 

The author considers a certain amount of oversimplification 
necessary in introducing a new subject to the beginner. Opinions 
may differ as to how far this should be carried. For example on 
pages 56-59 streamlines are defined as paths of ideal fluid particles 
in steady flow and after some discussion a general conclusion is 
stated that “streamlines widely spaced indicate regions of low 
velocity; streamlines closely spaced indicate regions of high 
velocity.” This conclusion holds of course only if the streamlines 
are drawn according to a systematic pattern, i.e., in two-di- 
mensional flow such that the flux between two adjacent stream- 
lines is constant throughout the flow. 

Again, the author on page 166 gives the Hazen-Williams 
formula, an empirical formula whose numerical constants are 
dimensional, without giving the units in which the various 
quantities are measured. There is a note in the preface that the 
foot-pound-second system is used throughout the book; actually 
the foot-slug-second is used more often. In the problems, gallons, 
inches, minutes, miles, etc., all appear. 

The ‘‘description and dimensions of symbols” in Appendix 1 
lists p as intensity of pressure although properly the simple term 
pressure is used throughout the rest of the book. In a footnote 
on page 26 it is stated that “throughout the remainder of the book 
pressure should be understood to mean gage pressure; when 
absolute pressure is meant, it will be designated as such.”’ This 
footnote was remembered on page 71 in a parenthetical state- 
ment and in the problem on page 255 but it was not remembered 
on pages, 68, 161, 251, 253, and 312 when dealing with com- 
pressible flow. 

The oversimplification extends to the selection of the rather 
limited amount of experimental data where usually data from a 
single source are given, for example, Fig. 101 for losses in 90-de- 
gree bends or Fig. 85 for pipe friction. 

The extent to which precision of statement may be sacrificed 


1 Chief, Mechanics and Sound Division, National Bureau of 
Standards, Washington, D.C. Mem. A.S.M.E. 
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in an elementary book in order to ease the path of the beginner is 
a matter on which there are wide differences of opinion. The re- 
viewer believes that the author has in great measure achieved his 
aims and that this book, supplemented by a coordinated group of 
laboratory experiments, is a satisfactory textbook for an ele. 
mentary course in fluid mechanics. 


Continuous Frames 


Automatic DEesIGN oF ContTINUOUS FRAMES IN STEEL AND REIN~ 
FORCED ConcrETE. By L. E. Grinter, Ph.D., C.E., Vice-Presi- 
dent and Dean of the Graduate Division, Armour Institute of 
Technology. The Macmillan Co., New York, N. Y., 1939. Cloth, 
6 X 9'/,in., 139 pp., 83 figures, $3. 


REVIEWED BY M. Herény1? 


WHILE the design of statically determinate structures can 

be carried out in a straightforward manner, determining 
first the distribution of the load among the members and then 
selecting the proper cross sections, the procedure is not as simple 
by far for indeterminate structures such as continuous frames. 
Here the distribution of the load and the relative stiffness of the. 
members are interdependent and assumptions must be made re- 
garding one before the other one can be calculated. The author’s 
aim is to set forth a method by which frame structures could be 
analyzed with a certain degree of the directness found for simple 
beams. For this reason in an earlier paper on the subject the 
author termed his proposed scheme “direct design’”’ but in the 
present publication preferred to choose the word “automatic” 
signifying that perhaps the most characteristic feature of the 
method is the scheme of calculation by the mechanical and re- 
peated application of which the appropriate cross-sectional 
dimensions of the frame member can be attained. 

The fundamental idea of the author’s method is to assume 
working-stress values for certain representative sections in the 
structure. By making this assumption the section moduli and 
thereby also the bending rigidity of the members are expressible 
in terms of the corresponding bending moments. Intercornecting 
in this manner the two types of unknowns, the bending moments 
and stiffness factors, the rest of the analysis is carried out in the 
same manner as in the celebrated moment-distribution method of 
Hardy Cross. 

In the book, after an introductory chapter on the “philosophy”’ 
of the proposed design procedure, the author gives a concise 
treatment of the modern methods of analysis by successive ap- 
proximation, reviewing the methods of moment and shear dis- 
tribution and showing applications to support settlement, side 
sway, and secondary-stress calculation in trusses. 

The rest. of the book is devoted to the author’s design scheme, 
illustrating its application to continuous beams (chapter 3), 
continuous frames (chapter 4), and extending the method also 
to haunched members by means of charts (chapter 5). The last 
two chapters, 6 and 7, deal with the process of balancing angle 
changes by which a picture of the deflected structure can be ob- 
tained. 

The book is of chief interest to structural designers who desire 
to adopt a mechanical scheme for computing rigid-frame struc- 
tures. 


2 Research Laboratories, Westinghouse Electric & Manufacturing 
Co., East Pittsburgh, Pa. 
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Analvsis of Longitudinal Motions in Trains 


of Several Cars 


By WINSTON M. DUDLEY,! CLEVELAND, OHIO 


Heretofore, longitudinal motions in trains have usually 
been studied by assuming that the train can be replaced 
by a bar whose mass and elasticity are uniformly dis- 
tributed. By means of a long-neglected branch of mathe- 
matics known as “‘difference equations,”’ it is easy to solve 
motion problems for trains of concentrated masses con- 
nected by springs. 

Motion curves are given for a train of five uniform cars, 
also for one of five nonuniform cars, following a bump at 
one end. A motion curve is given for the uniform train 
when constant forces are applied in succession to the cars. 
The methods shown make it possible to find the effect of 
any ordinary force system in far less time than by older 
procedures. 

The velocity of waves of force in a train is discussed. It 
is shown that the elastic-bar assumption gives large errors 
for this speed. A better approximation is suggested. 


T THE present time longitudinal motions in trains are 

A usually studied by assuming that the train can be replaced 

by a bar whose mass and elasticity are uniformly distrib- 

uted along its length. As the laws governing the transmission 

of wave motions in such bars have been completely worked out, 

it is possible to apply these to the study of motions and forces 
occurring in a train under various conditions (6, 7).? 

This elastic-bar method avoids the mathematical complexity 
of trying to consider the individual motions of a large number of 
cars. Whether a satisfactory accuracy is obtained will thus de- 
pend on two things—the number of cars in the actual train, and 
the uniformity of their weights and loading. In theory the elas- 
tic-bar method can allow for variations in mass distribution by 
placing corresponding nonuniform bars end to end. In practice 
these calculations are cumbersome, and attention is usually con- 
fined to the case of a wave reaching an infinite mass or wall. 

There is another factor to be watched, especially in short 
trains: the possibility of forced vibration or continuous oscilla- 
tion due to impulses from the engine. Engines having connecting 
rods do not exert a constant pull; the tractive effort fluctuates be- 
tween two values as the wheels make one revolution. If the fre- 
quency of these impulses happens to correspond to a natural 
frequency of the train, longitudinal oscillations may build up to an 
unpleasant amount. Such motions can often be felt in passenger 
trains when the engine is pulling hard at a slow speed, as in start- 
ing or going uphill. Thus it may be desirable to know the natural 
frequencies of a train. 

For calculating natural frequencies, the elastic-bar method is 


' Instructor in Applied Mechanics, Case School of Applied Science. 
Jun. A.S.M.E. 

? Numbers in parentheses refer to the Bibliography. 

Presented at the National Meeting of the Applied Mechanics Di- 
vision of THe AMERICAN Society OF MECHANICAL ENGINEERS, 
Philadelphia, Pa., June 20-21, 1941. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1942, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of the author, and not those of 
the Society. 


quite unsatisfactory. Any elastic bar, however short, has an in- 
finite number of natural frequencies (1); whereas a train of n cars, 
with free ends, has just n — 1 frequencies at which free vibration 
ean occur. 

The elastic-bar assumption is frequently used to calculate the 
velocity at which waves of force travel through a train. The 
results in this paper tend to show that the wave velocity in an 
actual train is only about two thirds of that in an equivalent con- 
tinuous bar. 

It seems therefore that a more exact dynamical theory might be 
useful in the study of trains. This paper presents: 


1 Formulas for the natural frequencies and proportional 
amplitudes of a train of any length, if the cars are of uniform char- 
acteristics. 

2 Methods of finding the natural frequencies for longitudinal 
motion of any train, whether the cars and engine have uniform 
weights and couplers or not. 

3 Convenient methods of obtaining the longitudinal-motion 
equations after any initial condition such as a bump at one end 
or the successive application of braking forces along the train. 


1—NATURAL FREQUENCIES AND MODES OF VIBRATION OF UNI- 
FORM TRAINS WiTtH ANY NuMBER OF Cars 


A train of uniform cars can be idealized as shown in Fig. 1. 
Friction and slack are neglected. When the train is in motion, 
the friction is always in one direction, so that longitudinal vibra- 
tions are unaffected by it; and slack will not come into play un- 
less the amplitudes of vibration build up to several inches. For 
definitions of symbols see the nomenclature at the end of the paper. 

Suppose the following problem is to be solved: The left-hand 
car in Fig. 1 approaches the rest of the train at a speed V and is 
coupled on. What subsequent motions occur in the train? 

The solution must consist of five equations giving 21, 12, ...2s5 
as functions of the time ¢t. Since no external forces act on the 
system, only free motions can occur. It is known from the 
general theory of vibrations (la) that the following equations 
represent all possible free motions of the system 


1 = Di + Bit + ai2[D2 cos wot + (B2/w2) sin wet] 
+ cos wst + (Bs/ws) sin 
+ ary cos wat + sin ] 
+ cos wst + (Bs/ws) sin } 


ts = D, + Bit + as2[D2 cos wot + (B2/we) sin wet} 
+ cos + \Bs/ws),8in wat] 
+ ay cos wyt + (By/o4) sin wt] 
+ cos wet + (Bs/os) sinoxt] 


To solve the problem stated at the beginning, the values w:... . . 
ws and the associated amplitudes a2 . . . as5 must be found for the 
given train. The constants D,...D;and B,...Bs are then easily 
obtained from the displacements and velocities when t = 0. 

The solution is given in detail in von Karm4n and Biot (2). 
They discuss the analogous torsional case of a shaft carrying 
several disks; but by changing angular displacements to linear 
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ones, moments of inertia to masses, and torsional spring constants 
to linear ones, the same sequence of equations will serve for both 
problems. 

If there are n cars, the values of w are given (2a) by 


m n 


where j = 2,3,...n. 
The amplitudes are given by 


1) (22 — 


n 


where z = 1, 2,...m andj isasbefore. Von Karman and Biot 


\ 


Ws = 1.902 


Fic. 1 Untrorm Train MopEs oF OSCILLATION 


do not finish the derivation of Equation [3] but this involves only 
trigonometry. If the train has one or both ends fixed, corre- 
sponding equations are easily obtained. 

For a train of five cars with free ends, the natural modes and 
frequencies of vibration are as shown in Fig. 1. 


2—NATURAL FREQUENCIES AND MopES FOR 
NONUNIFORM TRAINS 


If a train consists of uniform cars except for 
an engine or other vehicle at one or both ends, 
von K4rmén and Biot give equations from which 
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the natural frequencies and amplitudes can be found fairly easily 
by graphical methods (2b). 

If there are nonuniformities within the train, such as cars of 
unequal! weights, the method of difference equations cannot be 
used. In such a case the problem can be solved by using Holzer’s 
method. 

Consider a nonuniform train of four cars and engine, Fig. 4, 
with the following data: W; = 300,000 1b; W2 = Ws = 45,000 lb; 
= W, = 150,000 Ib; = 150,000 lb per in.; =~ ky =k, = 
100,000 Ib per in. Holzer’s method was developed for torsional] 
vibrations, in which a shaft carries several disks. So far as the 
writer knows, it has never been applied to linear vibrations; but 
by substituting mass for moment of inertia, and linear spring con- 
stants and displacements for torsional ones, the linear systems 
can be solved by the same procedure. 

The calculator must first guess a reasonable value for w2 (since 
w, = 0). Experience helps here. The shape of the vibration is 
known in advance: The slowest mode will have one node; the 
second mode, two nodes, ete. See Fig. 4. In all vibrating modes 
the center of gravity of the entire system is stationary. Thus 
mode 1 will have a node near the center of the system. Since W, 
is much less than W,, it can be neglected in a first approximation 
and the simplified system of Fig. 5 is obtained. 

The equivalent spring constant (le or 3) is 


k’ = 1/[(1/k:) + (1/k2)] = 60,000 Ib per in 


Thus for the first approximation 
60000 X 386 
300000 


= 77.2 (radians per sec)?. . . [5] 
Assuming a, = 1, the values of a2 . . . a, can be found in succession. 
The work is most conveniently arranged (1) or 3a) as in Table 1. 
An amplitude such as ag is found from the preceding row by sub- 
tracting item 7 from item 3. 

The last entry in column 5 should be zero if the value of w 
corresponds to a natural frequency. For other values of w, the 
behavior of this sum is as follows (3a): positive in the intervals 
0 to we, ws to «4, ws to ©, and negative from we: to ws; and uy, to a. 
The positive sum of 9.6 X 10* shows that w? = 77.2 was below 
the correct value for w:*. Repeating the table with w? = 85.0 
gives a remainder of —0.4 X 10%. Thus by interpolation the 
correct value of w.* is 


w,* = 77.2 + [(85.0 — 77.2)9.6/(9.6 + 0.4)] = 84.7... [6] 


This gives w, = 9.2 radians per sec, and the lowest natural fre- 
quency (not counting f; = 0) is 


fa = w,/2e = 1.46 cycles per sec 


The correct value of the amplitude a for each mass can be found 
by interpolation between the two tables, as in Equation [6]; or 
the table can be calculated a third time with w* = 84.7, 

Any other natural mode and frequency can be found in the 
same way. At higher values of w’, the sum at the end of the table 
changes more rapidly, so that more trials will be needed to reach 
the correct value of w*. A knowledge of the properties of uniform 
systems may be helpful in making a close guess at the frequencies 
(3a, 2c); the higher frequencies tend to be crowded together. 
Holzer’s method has the advantage that any mode is found inde- 


TABLE 1 HOLZER TABLE FOR w? = 77.2 
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pendently of the others, so that accuracy does not decrease as the 
solution progresses from one mode to the next. After a given 
mode has been found, it is well to divide the series of amplitudes 
by the largest amplitude, so that all modes can be plotted to the 
same scale, 

In order to find the response of the system to a shock such as a 
blow at one end, it is first necessary to calculate all the natural 
frequencies and their corresponding amplitude ratios. In the 
present case the results are 
=Ow = 9.2 ws = 22.8 
an 
a2 
au 


w= 53.8 

0.787 aa= 0.206 au= 0.141 as= 0.071 
laz= 0.442 ax = —0.348 ax =—0.816 = —1.00 
1 = —0.120 ass = —0.968 ax =—1.00 as = 0.782 
1 ag = —0.670 as = —1.00 au= 0.351 ag = —0.086 
1 = —1.00 ass= 0.978 as = —0.086 0.009 


These results are shown in Fig. 4. 


= 36.2 


3A—RESPONSE OF A TRAIN TO Any INITIAL CONDITIONS 


When ¢ = 0, let 2; = 20, 22 = 220, ete.; and let dz;/dt = ro, 
dz,/dt = vo, etc. Let Equations [1] be extended to the general 
case of ncars. Putting ¢ = 0 in these equations gives 


Xo = Dy + + +... + 
= Dy + D2 + + A2nDn 


Ano = Dy + + + ... + GnnDa 


Differentiating Equations [1] with respect to time ¢ and letting 
t = 0 gives 


tio = By + + +... + 
= By + + + ... + [9] 


tno = By + + + 


Equations [8] and [9] give the initial displacements and velocities 
in terms of the constants D,...D, and B,...B,. Itis therefore 
necessary to reverse. The desired equations are of the form 


Dz = AnXio + + ... + Aantno [10] 


Da = + Aneto +... 


k Wo k W3 k3 k Ws 


a 9.2 RAD PER SEC 
W3= 22.8 / 


iw 


4 NONUNIFORM TRAIN AND MopgEs oF VIBRATION 
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Fie. 5 System ror EstiMatTIne ws 


For a uniform train, the a coefficients are given by Equation 
[3]. This places Equations [8] in the class known to mathema- 
ticians as normal equations. The rule for solving is (4): To find 
any unknown such as D;, multiply each equation by the coef- 
ficient of D; in that equation and add. It will be found that all 
D’s except D; are eliminated, so that D; is immediately found. 
In the present case, this gives 
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Ay = Ay Ain = 1/n {11] 
and 
2 2 90°( j — 1)(2r— 1) 
A;, = -4,; = cos | = {12] 
n n n 


where j runs from 2 to n and x from 1 to n. The reversal of in- 
dexes must be carefully noted. 
Since the coefficients in Equations [8] and [9] are the same, it is 


seen that 
By = + + Aindno ) 


The foregoing equations may now be applied to the problem of 
Part 1, in which a stationary train of four cars was struck by 
another car moving with velocity V. Putting n = 5, the matrix 
of A coefficients for Equations [10] is 


0.2 0.2 0.2 0.2 0.2 

0.380 0.235 0 —0.235 —0.380 

0.324 —0.1236 —0.400 —0.1236 0.324 |.. [10a] 
0.235 —0.380 0 0.380 —0.235 

0.1236 —0.324 0.400 —0.324 0.1236 


Letting vo = V and all other initial displacements and velocities 
zero gives 


Bi = 0.2V By = 0.235V 
Bz = 0.380V Bs = 0.1236V 
B: = 0.324V 


The D’s are all zero. 
Substituting numerical values in Equations [1], the solution of 
the problem is 


a, = + 0.585 sin 0.618¢’ + 0.222 sin 1.1761’) 

+ 0.085 sin 1.618’ + 0.020 sin 1.902t’ ] 
zz = [V/(k/m)'/?][0.2t’ + 0.362 sin 0.618¢’ — 0.085 sin 1.176t’ 

— 0.138 sin 1.618’ — 0.053 sin 1.902t’] 
zs = [V/(k/m)'/*}[0.2t’ — 0.275 sin 1.176t’ + 0.065 sin 1.902t’] } 
aq = [V/(k/m)'/*}[0.2t’ — 0.362 sin 0.618¢’ — 0.085 sin 1.176¢’ 

. + 0.138 sin 1.618¢’ — 0.053 sin 1.902t’ ] 
zs = [V/(k/m)'/*][0.2t’ — 0.585 sin 0.618¢’ + 0.222 sin 1.176’ 

— 0.085 sin 1.618¢’ + 0.020 sin 1.902t’] J 

[14] 


in which t’ = t(k/m)'/*. Differentiating Equations [14] with 
respect to the time ¢ gives the equations for the velocities. 

Figs. 2 and 3 show these displacements and velocities plotted 
from t’ = Otot’ = 6.0. An increment of 0.2 radian was used for 
t’. To make such computations rapidly, a computing machine 
should be used to get each series of values such as 0.618 X 0.2, 
0.618 X 0.4, ete. The sines and cosines can be obtained quickly 
from reference (5). With this table it is not necessary to convert 
the angle values from radians to degrees. However, all angles 
must be brought between 0 and 1.6 (or 0 and 90 deg approxi- 
mately) by well-known relations such as: sin @ = sin (r — 8), 
sin @ = — sin (6 — x), etc., which can be found in the trigonometry 
section of any handbook. 

An examination of Figs. 2 and 3 shows that the behavior of 
a train of five cars does not correspond very closely to that of a 
uniform elastic bar. There is a discrepancy of 30 per cent in the 
velocity of wave travel. See Part 3C. Furthermore, under the 
elastic-bar assumption the velocity of the first car should decrease 
to zero and stay there for a finite time until the wave returns 
from the other end of the train (6); and the velocity should never 
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become negative. Fig. 3 shows that negative velocities do occur 
and that no car is ever still for more than an instant. 
To analyze motions in a nonuniform train, the procedure must 


be modified. In Fig. 4, suppose the engine W, approaches the 
train at a speed V and is coupled on. What is the ensuing mo- 
tion? 


Equations [1] still apply to the nonuniform train. After the 
frequencies and a amplitudes have been found as shown, the prob- 
lem is again to solve Equations [8] and [9] for D,... D, and B,... 
Bn. This time the rule is: First, multiply the first equation by 
the weight Wi, the second equation by Ws, the third by Ws, etc.; 
then, to find any unknown D,;, multiply each equation by the 
coefficient of D; in that equation and add. As before, this 
causes all the unknowns except D; to disappear (8). The formula 
for the A coefficients for Equations [10] and [13] thus becomes 


where 


It will be noted that the weights appear to the first power in both 
Hence, in this 
equation, the weights may be in pounds, kips, tons, or any other 
convenient unit. 

Inserting numerical values obtained previously, the results for 
this problem are 


An = 0.435 Av = 0.065 As = 0.065 Au = 0.217 Aw= 0.217 
An = 0.572 Aw = 0.048 Ass = —0.013 An = —0.243 Ass = —O0.363 
An = 0.175 An = —0.044 Ass = —0.123 Au = —0.424 Ass = —O.414 
Aa = 0.420 Aw = —0.366 Ag = —0.447 Au = 0.523 Aw = —O.128 
An = 0.284 As = —0.600 As = 0.469 Au =—O.172 Aw = 0.017 


Sample calculations 

C2 = (0.787)2(300) + (0.442)2(45) + (—0.120)2(45) 
+ (—0.670)2(150) + (—1.00)2(150) = 413 Ib. . [17] 
An = (0.787 X 300)/413 = 0.572 
Au = (—0.670 X 150) /413 = —0.243 

These results give 

B, = 0.485V, B. = 0.572V, By, = 0.175V, By = 0.420V, 

B, = 0.284V 


As before, the ‘‘D’s”’ are all zero. 
Putting these results in Equations [1], the equations of motion 
are obtained 


0.435 0.9589 0.00158 0.00164 0.00037 > 

0.435 0.0274 —0.00268 —0.00947 —0.00528 ||sin 9.2t 

zap =| 0.435 —0.0075 —0.00743 —0.01160 0.00413 |{ sin 22. 8¢}(19) 
xu 0.435 —0.0416 —0.007 0.00407 —0.00045 j|sin 36. 2¢ 

0.435 —0.0622 0.00751 —0.00100 0.00005_j\sin 53.8¢ 


These equations are given in matrix form. In comparison with 
Equations [14], the saving of space is striking. For the benefit 
of the majority of readers, the equations in the paper are written 
in the usual way; but most of the necessary procedures were dis- 
covered by manipulating matrices. Anyone familiar with this 
branch of algebra can save much time by its use. 

The factors B/w have been placed inside the matrix to reduce 
arithmetical work. That is, the first column of the [a] matrix is 
multiplied by B,, the second by B:/w:, etc. This requires less 
work than multiplying a long series of sine values by these same 
factors. The displacements from these equations are shown in 
Fig. 6 and the corresponding velocities in Fig. 7. 

Figs. 6 and 7 afford an interesting contrast to the results in 
Figs. 2 and 3 for the uniform train. It can be seen that the heavy 
locomotive continues to move for a much longer time, while the 
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two light cars in the center of the train are tossed violently to and 
fro by the passage of the original wave and other waves reflected 
from the heavy vehicles at each end of the train. 


3B—Mortion oF A TRAIN WHEN ConsTANT Forces ARE APPLIED 
To ONE or More Cars 


Suppose one or more constant longitudinal forces P are applied 
toatrain. What will be the resulting motion? 

As an approach, the theory of the simplest possible vibrating 
system, that of Fig. 8, gives most of the 
information that is needed to build up the 
solution of the train problem. As is well 
known (1d), all possible free motions of k 
this system are given by the equation 


x 


Fic. 8 
BRATING SYSTEM 


L = COS wt + (vo/w,) sin . [26] 


in which w, = +/(k/m) and x = 2o, 
dx/dt = v when t = 0. Now suppose a 
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steady downward force P acts on m. If applied to the spring 
alone, this would produce a statical deflection 


In Equation [20], x was measured from the equilibrium position 
of m. The application of P lowers this position an amount z,,. 
If displacements are to be measured from this new position, 
Equation [20] becomes 


Ly = (To — COS wt + (vo/w,) SIN wal 
or 
X= + (To— Ly) COS + (vo/w,) SiN wal... ... [22] 


If the mass was at rest when P was applied, x» = vo = 0; but a 
vibration still occurs (2d) 


[23] 


owing to the shift of equilibrium position. This demonstrates 
the fact, familiar to every engineering student, that “a suddenly 
applied load produces twice as much stress and deflection as a 
steady load.” 

Going back to the train problem, it is seen that there is no im- 
movable foundation as in Fig. 8. Considering the entire train 
as a free body, constant longitudinal forces P will cause the center 
of gravity of the train to have a motion of the type D, + Byt + 
C,t?/2, where D, and B, are, respectively, the initial displacement 
and velocity with respect to some stationary reference point. C, 
is the acceleration caused by the applied forces. Thus, C; is the 
algebraic sum of the applied forces divided by the total mass of 
the train 


The free vibrations of the train without forces are given com- 
pletely by Equations [1]. These equations really give the vari- 
ables x, .... 2s in terms of other variables q, defined as follows 


n= dD, + Bit (25) 


D; cos w;t + (B;/«;) sin wt [26] 
where j = 2, 3, 4, 5. 


These q’s are called “principal” or ‘normal’ coordinates (le). 
They are independent of each other; each one represents one of 
the modes of free vibration of the system. Comparing Equations 
[20] and [26], it is seen that the free vibrations of a system with 
several degrees of freedom are merely a superposition of equations 
similar to that which holds for one degree of freedom. 

The complete solution for the train with constant applied forces 
P is therefore 


= Qi + Ay2Q2 + + + 
= Gi + A22Q2 + + Ads + 


Ts = + + + + 
in which 
= D, + Bit + [28] 
= Vee + (Dj — COS wt + (B;/w;) sin wit... ... [29} 


where j = 2, 3, 4, 5. 

For a specific problem, the D’s and B’s can be found from 
Equations [10] and [13], using Equations [11] and [12] if the 
train is uniform, otherwise Equations [15] and [16]. 

This leaves the “‘statical deflections” q,, to be found. Assume 
that a constant force P; acts on the first car, a force P: on the sec- 
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ond, etc., with the positive direction for forces the same as for 
displacements. The equations for the statical q’s are as follows 


Au 
An Ag As, 
= — P P,+....+——P, 
An Ang = 
The derivation of these equations is given in the Appendix. 
X;-X2 
a 
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Xe-x 
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Fie. 9 DisPLACEMENTS Across CouPLERS WHEN BRAKING FoRCES 


ARE APPLIED SUCCESSIVELY 


As an example of force calculations, consider the uniform train 
of Fig. 1. In Fig. 3 it is seen that the time ¢’ between the maxi- 
mum velocity of the first and fifth cars is about 5.6 radians, or an 
average wave time of 1.4 radians per car length. Therefore, sup- 
pose a force P is applied to the first car at t’ = 0; a force P to the 
second car at t’ = 1.4; the same to the third car at t’ = 2.8; and 
soon. This should cause each coupler spring in turn to be com- 
pressed more than the preceding one, with the maximum com- 
pression occurring between the last two cars. The danger from 
this piling up of successive impulses has been noted by Donnell 
(6) and Wikander (7). 

During the first period, P; = P, and P2.. 
Equations [2], [11], [12], and [30] 


Gut = = 0.996(P/k) 
eet = = 0.234(P/k), ete. 


From Equations [10] and [13], the D’s and B’s are all zero. 
Equations [28] and [29] therefore become 


.P, = 0. Using 


og 
=-—?2= — 


= 0.996(P/k) (1 — cos 0.618t’) 
gs = 0.234(P/k)(1 — cos 1.176t’) 
qs = 0.090(P/k) (1 — cos 1.6182’) 
gs = 0.034(P/k) (1 — cos 1.902t’) 
Using increments of 0.2 for t’, from 0 to 1.4, the values of gq. . 7. . ds 


are found. Equations [27] then give the z displacements. 
In order to get the next series of values, from t’ = 1.4 to 2.8, 
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P, = P; = P, giving a new series of q,, values. This time the D’s 
and B’s are not zero, and it is necessary to find the velocities at 
t’ = 1.4 by differentiating Equations [27], [28a], and [29a]. 

After the displacements x; .. . 2, were found up tot’ = 5.6, the 
displacements across the couplers, 2; — 22, 22 — 2s, 13 — 2%, and 
24 — 2s, were found and plotted in Fig. 9. Examining this figure, 
it is seen that the maximum displacements across the first three 
couplers are in a 1:2:3 ratio. The fourth one fails to maintain 
this trend, although it might if a different braking interval were 
used. 


3C—VELocITY OF LONGITUDINAL WAVE TRAVEL IN TRAINS 


It has been pointed out by Donnell (6) and Wikander (7) that 
dangerous conditions may occur when constant forces are suc- 
cessively applied to the cars of a running train. Donnell shows, 
for instance, that if a train reaches the bottom of a grade at a 
certain critical speed and the engine begins to pull, the coupler of 
the last car is subjected to a sudden dynamic tension. This is a 
sort of crack-the-whip effect. The amount of the tension may 
equal the sum of the tractive effort and the braking force previ- 
ously exerted by the locomotive. 

Such an effect can only occur if the point of application of the 
constant forces travels along the train at about the same speed as 
that at which the train itself transmits longitudinal tension or 
compression waves. Force accumulates at the point of applica- 
tion of the constant forces because the previously started waves 
travel just fast enough to stay abreast of this point. 

It is thus desirable to know the speed at which the train trans- 
mits impulses. If the train is replaced by a uniform elastic bar, 
the velocity found on this assumption may be in error by 30 per 
cent or more as shown in the following. 

In a uniform bar, impulses travel at a speed of 


= V(K/M) in. per sec.............. [31] 


where M is the mass per inch of length and K is the spring con- 
stant, lb per in., of a 1l-in. length of the bar. In other words K 
is the force necessary to double the length of the bar if it remained 
elastic to this extent. For the train of Fig. 1, ifm = mass of one 
car, L = length of one car, and k = spring constant of a pair of 
couplers, then M = m/L, K = kL, and 


[32] 
The distance traveled by a wave will thus be 
= Vu = Liv/(k/m) = [33] 


Equation [33] indicates that a wave will travel one car length 
ina time t’ = lradian. As pointed out previously, Fig. 3 shows 
a time of about 1.4 radians per car length, in a five-car train. 
The velocity on this basis is nearly 30 per cent below the elastic- 
bar value. 

It might seem reasonable to expect that in a very long train, 
waves would travel at a velocity approaching that of Equation 
[32]. Using difference equations, von Kdérmaén and Biot (2e) 
have obtained a formula for the velocity of waves in a “‘mechani- 
cal chain,” assuming a chain of infinite length with a disturbance 
of angular velocity w applied at one end. Again, their develop- 
ment is for a torsional system. With appropriate changes in 
notation 


in which 


p = 2sin= [35] 


This is the velocity of a wave started by a harmonic or sinusoidal 
force. If one attempts to treat a constant disturbing force as 
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DUDLEY—ANALYSIS OF LONGITUDINAL MOTIONS IN TRAINS OF SEVERAL CARS 


one of zero frequency, Equation [34] becomes indeterminate 
when w» = 0. Evaluating by the usual method shows that 
Equation [34] reduces to Equation [32] in this case. 

It has been seen that this result gives an incorrect value for 
velocity. The explanation is that when a steady force is applied, 
the natural frequencies of the train are excited. These do not all 
travel at the same speed; in fact, the higher the frequency, the 
slower it travels. If the value of w from Equation [2] is sub- 
stituted in Equations [34] and [35] 


k\' [90° j—1) 2n 


wherej = 2,3,...nandn = the number of cars. 

Fig. 10 shows this wave velocity as a function of the number of 
cars. The two curves show the velocities of the lowest and high- 
est natural frequencies. It is seen that when the number of cars 
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Fie. 10 Wave VELocITIES 


Curve A, at lowest natural frequency 
Curve B, at highest natural frequency 


becomes large, the velocity of the lowest frequency approaches 
that for a uniform bar, while the highest-frequency velocity ap- 
proaches 2/x, or 63.7 per cent of this value. Fig. 3 appears to 
indicate that the lower curve corresponds more closely to the be- 
havior of an actual train. 

A bump at one end involves large relative displacements be- 
tween neighboring cars. Since the high-frequency modes also 
have this characteristic while the lower ones do not, it appears that 
even in a long train the velocity of waves started by end impacts 
may be only about two thirds of that found for a uniform bar. 


Appendix 
DERIVATION OF Equations [30] 


Equation [29] shows that any motion is the sum of two parts, 
the D and B terms due to the initial displacements and velocities, 
and the q,, terms due to the applied external forces. These terms 
are entirely independent of each other. Therefore the motions 
due to the forces are 


qe = Qrat( 1 — cos w,t) [38] 


where r = 2,3,...n. 
The z motions are given by Equations [27]. Considering the 
masses in turn when t = 0, the equilibrium of forces requires that 
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By substituting Equations [8] into Equations [10], the following 
relations become apparent 
=lifj=k 
Ande + +... + Ajndtns [40] 
= ¥k 
This suggests the method of solving Equations [39]. Divide the 
first equation by m, the second by me, etc. To find qast,*, 
multiply the first equation by An, the second by Az, . . . the last 


by Ag, and add. Using Equations [40], the first of Equations 
[30] is established. The rest are found similarly. 


NOMENCLATURE 


zx = longitudinal displacement of the center of gravity of a car, 
in. 
W = total weight of a car, lb 
= length of a car, in. 
= acceleration of gravity, 12 X 32.2 = 386 in. sec? 
= W/g = mass of a car, lb sec? in.—! 
= number of cars in a train (including locomotive) 
= longitudinal spring constant between the centers of gravity 
of two successive cars, lb per in. If a longitudinal tension 
of F lb is applied and the elongation (not including slack) 
between the centers of gravity of the two cars is h in., then 
k = F/h. In this paper, it is assumed that k is constant 
a = amplitude of vibratory longitudinal] displacement of the 
center of gravity ofacar. The a’s are dimensionless, repre- 
senting relative amounts of motion of the cars for a certain 
mode of vibration 
w = angular velocity of a harmonic vibration, radians per sec 
{ = w/2x = frequency of a harmonic vibration, cycles per sec 
= time, sec 
= t ¥(k/m) = time, radians 
P = longitudinal force applied to a car, lb 
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A New Lateral Extensometer 


By A. V. pe FOREST! anp A. R. ANDERSON,? CAMBRIDGE, MASS. 


In this paper is described a new lateral-strain gage which 
utilizes the principle of change of electrical resistance in 
wires with strain. Anapplication of the instrument to the 
field of photoelasticity is given in which the problem of 
determining the individual principal stresses in a model 
can be solved directly when the information given by the 
isochromatic pattern is combined with the sum of the 
principal stresses at the points in question, as determined 
by the new gage. 


INTRODUCTION 


HE problem of determining lateral strains or Poisson’s ratio 
requires an instrument of high sensitivity. For example, 
the change in diameter of a 0.505-in. steel tensile specimen 
when loaded to a stress of 30,000 psi is of the order of 0.00015 in. 

In the field of photoelasticity, the problem of determining the 
individual principal stresses in a model can be solved directly if 
the information given by the isochromatic pattern (difference of 
principal stresses) is combined with some method giving the sum 
of the principal stresses at the points in question, such as meas- 
uring the lateral strains. 

A new lateral-strain gage is described, which has a very high 
degree of sensitivity, simplicity, stability, and ruggedness. It 
utilizes the principle of change of electrical resistance in wires 
with strain, and has been made possible by development work on 
electric strain gages at the Massachusetts Institute of Tech- 
nology by Profs. A. V. de Forest and A. C. Ruge.?* 


GENERAL ARRANGEMENT 


The instrument comprises three units, as shown in Fig. 1, 
namely, a horseshoe-shaped gage clamped on the tensile speci- 
men, a galvanometer, and a compensator element housed in a 
metal cabinet. Fig. 2 shows a close-up of the gage and compen- 
sator units. The cabinet also contains the necessary batteries 
and switches. 


DESCRIPTION OF GAGE 


Four strain-sensitive elements are eonnected to the curved sec- 
tions of the horseshoe gage shown in Fig. 3. When the gage is 
clamped to the specimen with a light initial pressure, it can fol- 
low the changes in diameter caused by application of the load. A 
change in diameter of the specimen introduces strains into the wire 
elements, with units 1-2 and 3-4 taking strains of opposite sign to 
units 1-4 and 2-3. 

The strain-sensitive elements on the gage act as arms of a 
Wheatstone bridge, and the strains introduced into them are 
measured in the bridge as changes in resistance. The unbalance 
in the bridge is indicated by a deflection of the galvanometer. 

The “null system” was found to be the most accurate for strain 
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DE FOREST, ANDERSON—A NEW LATERAL EXTENSOMETER 


measurements, and to accomplish this, a compensator element 
was introduced. The compensator is a steel cantilever spring, 
the bending of which is controlled by a micrometer screw, shown 
in Fig. 4. Strain-sensitive elements are located on either side of 
the cantilever, one side taking the opposite character to the other 
side. The electrical circuit involved for this system is shown 
schematically by the wiring diagram of Fig. 5. 


Fie. 3 HorsesHor Gace SrTrRAtn-SENSITIVE ELEMENTS 


Fig. 4 Compensatror UNIT 
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Fie. 5 Wiring DracraMm oF ELectRIcAL Circuit 
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PROCEDURE IN Usina LATERAL EXTENSOMETER 


In clamping the gage to the specimen, the control switch is set 
to low sensitivity and the bridge is approximately balanced by 
adjusting the initial point pressure of the gage. Final balance is 
made at high sensitivity with the micrometer. To measure 
lateral strain, one merely balances the bridge at zero load and 
again at final load, noting the micrometer readings. The differ- 
ence in micrometer readings then gives the lateral strain. From 
the calibration of the instrument, one0.001-in. unit on the microme- 
ter corresponds to about 0.000001 in. change in distance be- 
tween gage points. 


APPLICATION TO PHOTOELASTICITY 
From the known relation that the change in thickness ~ 


= yt 
+o 


where vy = Poisson’s ratio 
E = modulus of elasticity 
t = thickness of model 
o; and o; = principal stresses 


having calibrated the gage (micrometer readings against strain), 
it is possible to deduce the sum of the principal stresses at any 
point under consideration. Or simpler yet, the gage can be cali- 
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brated to read sums of principal stresses directly for any given 
material of a given thickness. This can be accomplished by 
means of a simple tension test. 

To measure the change in thickness, the gage is first clamped on 
the model at the desired point, and then the bridge is balanced 
with the micrometer screw on the compensator, noting the read- 
ing. After applying the load, the bridge is again balanced, and 
the final reading is taken. From the calibration, the difference 
in the two readings gives the sum of the principal stresses. When 
the stress distribution has been determined at several sections in 
a model, the gage is moved from point to point, and readings are 
taken for a given load change at each point. 


EXAMPLE OF DETERMINING PRINCIPAL STRESSES 


Plate With Circular Hole, in Tension. The individual principal 
stresses across a horizontal section of symmetry in a tension 
model with a circular discontinuity were determined. The di- 
mensions of the model are given in Table 1. 


TABLE 1 DIMENSIONS OF MODEL 


in. 
0.625 in. 


The isochromatics were photographed for a load of 700 lb. 
The fringe constant was 87.7 lb per in. per order. Calibration of 


the lateral extensometer on the model in a pure-tension field 
(« = a = 0) gave the values in Table 2. 


TABLE 2 CALIBRATION VALUES 


Micrometer reading 
0.130 in. 
0.330 in. 
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Thus each 0.001-in. unit on the micrometer corresponds to a 
(0; + 02) value of 4.1 psi. 

Data taken across a right section passing through the center 
of the hole in the plate gave information contained in Table 3, 
for a load of 700 lb. 


TABLE 3 DATA TAKEN FROM RIGHT SECTION THROUGH 
CENTER OF HOLE IN PLATE 
Point 1 2 3 4 5 6 


Distance from center line, in.... 0.375 0.5 0.625 0.75 0.875 1.0 
Range of micrometer in 0.001-in. 
ts 275 240 215 


496 400 325 
2035 1640 1333 1130 985 882 

Combining these data with those from the isochromatic pic- 
ture, the individual principal stresses are found. Values com- 
puted from the infinite-plate theory are also given in pounds per 
square inch, in Table 4. 


TABLE 4 VALUES COMPUTED FROM INFINITE-PLATE 
THEORY 


-——Measured— —Theoretical— 
Edge of hole 2500 
1 1600 
2 900 
820 


760 
720 
690 


(o1 + o:) 


Edge of plate 660 
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The Technical Cohesive Strength of Metals 


By D. J. McADAM, JR.,2 WASHINGTON, D. C. 


Ina recent survey of the literature, the author has found 
evidence incompatible with prevalent views regarding the 
technical cohesive strength of metals. In this paper, some 
of the evidence has been assembled for discussion, with 
special reference to the criteria of fracture, and the varia- 
tion of the technical cohesive strength with plastic de- 
formation. 


1—INTRODUCTION 


Y THE technical cohesive strength of metals is meant, not 
B the interatomic forces, but the technically estimated re- 
sistance to fracture. An example of such resistance to 
fracture is the “true” breaking stress of a tension-test specimen, 
the breaking load divided by the sectional area at fracture. In 
such a test, however, the fracture usually occurs after more or 
less plastic extension. The technical cohesive strength thus meas- 
ured, therefore, is not that of the original metal, but of metal 
which has been plastically deformed during the test. By plastic 
deformation, the cohesive strength is greatly altered. 

Ludwik (23)? pointed out the need for knowledge of the in- 
itial cohesion limit and of its variation with plastic deformation. 
He showed that ductility and the work of deformation to frac- 
ture depend upon the initial difference between the technical 
cohesion limit and the resistance to plastic deformation (flow 
stress). He also showed that a notch in a specimen under ten- 
sion causes triaxial tensile stress in the minimum section, and 
thus raises the flow stress in relation to the cohesion limit. A 
notch thus tends to increase the tensile strength (based on the 
reduced section) and to decrease the ductility and total work. 
With Ludwik’s work as a foundation, Kuntze (10-18) developed 
a method for the use of notched specimens in obtaining values of 
the technical cohesion limit. 

Over a period of years several different criteria have been pro- 
posed for the conditions necessary for fracture. According to 
the earliest of these theories, fracture occurs when the maximum 
principal stress reaches a limiting value. Other such criteria 
suggested are the maximum shear and the maximum strain. It 
has also been suggested that the fracture of ductile metals is de- 
termined by the maximum shear, but that the fracture of brittle 
materials is determined by the maximum principal stress. Ac- 
cording to the original views of Mohr (25), however, the stress 
at either yield or fracture depends upon both the normal stress 
and the shearing stress on the plane of yield or fracture. Bridg- 
man, as a result of tests to be discussed later (1, 3, 4), came to 
the conclusion that the conditions for rupture are more complex 
than has been generally supposed. 

Since the investigation of Griffith (8), however, the prevalent 
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view (26) has been that fracture is determined only by the great- 
est principal tensile stress. Fracture is assumed to occur when 
the greatest principal tensile stress reaches a value that depends 
only upon the state of the metal at the instant of fracture. The 
technical cohesion limit thus is thought to be the same whether 
the metal is under unidirectional or polarsymmetric tensile 
stress. These views have been endorsed by Kuntze (18) as a 
result of his investigations. The work of Kuntze (10-18) is the 
basis of prevalent views as to the variation of the cohesive 
strength of metals with plastic deformation. 


2—DETERMINATION OF TECHNICAL COHESION LIMIT 
BY KUNTZE’S METHOD OF EXTRAPOLATION 


As a result of elastic stress-strain measurements on cylin- 
drical specimens with sharp V-notches, Kuntze (10-18) found 
that the ratio between the radial stress S; and the longitudinal 
stress S, is proportional to a function of the notch depth, ac- 
cording to the equation 


S,/S; = C(D* — {1] 


In this equation, d and D represent the minimum and maximum 
diameters, respectively, of the cylindrical notched specimen, and 
C is a constant depending upon the notch angle. If d?/D* be 
designated by k, the equation becomes 


S2/S; = ) 


The ratio S;/S; was also found to be linearly related to the notch 
angle, according to the equation 


C = (180 — [3) 


In this equation, w represents the notch angle in degrees. By 
combining Equations [2] and [3], we get 


S3/Si = (1 — k) (180 — w)/180............ [4] 


For zero notch angle S;/S; = (1—k). Fora value approach- 
ing zero of both w and k, S, becomes equal to S;. In this con- 
dition, which may be termed (after Kuntze) “polarsymmetric 
tension,” the stress at fracture represents the technical cohesion 
limit. 

The ultimate tensile strength (based on the minimum section) 
of a notched specimen was also found to be linearly related to 
(1 — k) (180 — w)/180, the same expression that is given in 
Equation [4]. This expression, however, is not proportional to 
the tensile strength, but to the difference between the tensile 
strength of the notched specimen and that of an unnotched speci- 
men. 

Figs. 1 and 2, derived from diagrams presented by Kuntze (18), 
show the variation of the strength and ductility of notched steel 
specimens with the depth and angle of the notch. The form of 
the notch is shown in the insert sketch of Fig. 2. Abscissas read- 
ing from left to right represent increasing values of 1 — k, whose 
significance is indicated in Equation [2]. At the top of each 
figure are given the corresponding values of S;/S;, the ratio of the 
polarsymmetric stress to the total axial stress. This has been 
termed the “‘spatial-stress ratio.” 

In determining the cohesion limit use is made of values of the 
ultimate tensile strength, the stress at maximum load (based on 
the initial minimum section of the unstressed specimen). Values 
so obtained with a low-carbon steel are shown in Fig. 1. As indi- 
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cated by line M in this figure, the tensile strength increases linearly 
with increase in 1—k. The ordinate at B represents the value 
approached as the minimum section approaches zero. This is the 
highest value theoretically obtainable with notch angle 60 deg. 
If the notch angle were zero, the linear increase of the tensile 
strength with 1 — k would be more rapid, and would be repre- 
sented by the line A-7. The vertical distance of 7’ above A is 
180/(180 — w) times the vertical distance of B above A. The 
ordinate of T, according to Kuntze’s method of extrapolation, 
represents the technical cohesion limit, the polarsymmetric 
tensile stress necessary to cause fracture. 

The tensile stress used in Kuntze’s method of extrapolation is 
not the breaking stress, but is the stress when the load reaches a 
maximum. The method of linear extrapolation cannot be ap- 
plied when the tension test of a notched specimen gives a “pre- 
mature’”’ fracture, that is, fracture while the load is increasing. 
Estimated stresses at premature fractures, because they are 
affected by the stress concentration in the notched specimens, do 
not give a linear relationship with (1 — k) (180 — w)/180, and 
may give a decidedly curvilinear relationship. 

The steel, represented in Fig. 1, did not give premature frac- 
tures. Premature fractures, however, were obtained with the 
less ductile steel, represented in Fig. 2. Tests of this steel were 
made with notched specimens of different sizes; the diameter 
d of the minimum section ranged from 1.5to6mm. Four curves 
of tensile strength obtained with these specimens are shown in 
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Fig. 2. The curve obtained with d = 1.5 mm, not shown, would 
be above the curve representing 2 mm, and would be nearly a 
straight line. With increase in the diameter of the specimen, the 
curvature increases. With d = 5 mm or 6 mn, parts of the 
curve are below the origin. The smaller the specimen, therefore, 
the less premature was the fracture. With the smallest specimen, 
the stress-strain curve (not shown) almost reached a maximum. 


38—INFLUENCE OF STRESS CONCENTRATION AND SPA- 
TIAL STRESS ON YIELD POINT AND DUCTILITY 


The differences between the curves of variation of tensile 
strength in Fig. 2 were attributed by Kuntze to an actual in- 
fluence of specimen size. For an investigation of the influence of 
size, however, the notches should have varied in size only, whereas 
Kuntze used approximately the same root radius for notched 
specimens of all sizes. The root radius ranged from 0.1 to 0.15 
mm. With smaller radii the tendency to premature fracture 
was found to be too great; larger radii gave too low values of the 
spatial-stress ratio. No investigation apparently was made of 
the quantitative influence of the root radius on this ratio. 

To this dissimilarity in form of notches of different size must 
be attributed the difference between the four curves of variation 
of tensile strength in Fig. 2. This effect of dissimilarity of form 
is due to differences in the theoretical stress-concentration fac- 
tor. This subject has been discussed by Nddai and MacGregor 
(27). 
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The depression of some of the yield-stress curves at inter- 
mediate values of 1 — k corresponds to high values of the stress- 
concentration factor, and the rapid rise of these curves at high 
values of 1 — k corresponds to a rapid decrease of this factor. 
No depressions are found in the yield-stress curves (Figs. 1 and 2) 
corresponding to plastic extensions of 0.2 per cent and 0.6 per 
cent. As these curves rise continuously with increase in 1 —k 
the plastic extension of 0.2 to 0.6 per cent evidently was suf- 
ficient to remove nearly all the apparent influence of stress con- 
centration on the yield point, and the rise evidently is due to a 
rise of the spatial-stress ratio (S;/S,). In the absence of stress 
concentration, the rise of the yield point with increase in the spa- 
tial-stress ratio would be represented approximately by the line 
EH (Figs. 1 and 2), which is drawn in accordance with Mohr’s 
theory (25) of the variation of the yield point with variation of 
S:/S;. Some of this improvement in yield stress by plastic ex- 
tension of 0.2 to 0.6 per cent must be attributed to work-hard- 
ening of the metal in the regions of highest stress concentration. 
The hardness gradient thus formed partly counterbalances the 
depressing influence of stress concentration on the yield point. 
Nevertheless, plastic extensions of 0.2 per cent and 0.6 per cent 
probably remove most of the stress concentration. 

The premature fractures represented in Fig. 2, however, prob- 
ably indicate that plastic extension of 0.6 per cent was not suf- 
ficient to remove all the stress concentration. If only a small frac- 
tion of the originally high stress concentration remained, it would 
cause the low values of mean stress at premature fracture. It 
does not appear possible to explain such fractures in terms of a 
deformation gradient replacing the original stress gradient. By 
such deformation gradients, Kuntze attempts to account for pre- 
mature fractures and the corresponding low values of ductility. 
Although a deformation gradient undoubtedly is formed as 
a stress gradient decreases, the deformation gradient proba- 
bly plays a less important role than that envisioned by 
Kuntze. 

When the tensile load reaches a maximum and the tensile- 
stress-strain curve becomes horizontal, both the stress gradient 
and the hardness gradient probably disappear, and do not reap- 
pear as the stress-strain curve descends. In the absence of pre- 
mature fracture, therefore, it is possible to determine the actual 
stress at maximum load and at fracture. Stresses at maximum 
load, consequently, may be used in determining the technical 
cohesion limit by extrapolation. 

The most suitable index of the ductility of a notched specimen 
is the decrease of sectional area at tensile fracture. This is the 
index of ductility used in the upper diagram of Figs. 1 and 2. 
With increase in notch depth (1 — k) the ductility first decreases 
rapidly, reaches a minimum when k is about 0.5, and then in- 
creases gradually. Moreover, the ductility, like the tendency to 
premature fracture, decreases with increase in the size of the 
notched specimen (Fig. 2). The larger the diameter (d) of the 
specimen, the lower is the curve of variation of ductility with 
notch depth. The decrease of the ductility with increase in the 
diameter of the specimen, however, was not due to an actual 
influence of specimen size, but was due to the previously dis- 
cussed differences in the theoretical stress-concentration factor. 
The greater the theoretical stress concentration, the more pre- 
mature was the fracture and the less was the plastic deformation 
at fracture. 

The curves of variation of ductility with increase in 1 — k 
evidently are distorted by variables associated with the use of 
notches in causing radial stress. If uniform radial stress could be 
applied, so that the ductility would be effected only by variation 
of 8:/S;, the ductility probably would decrease continuously 
with increase in the spatial-stress ratio (S;/S:), and would ap- 
proach zero as S; approaches S}. 
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4—STRESS AND PLASTIC DEFORMATION AT FRACTURE 
OF NOTCHED AND UNNOTCHED SPECIMENS 


1 Prevalent Views With Regard to Variation of Cohesive 
Strength of Metals With Plastic Deformation: 

Prevalent views as to the influence of plastic deformation on 
the technical cohesive strength of metals are based on the work 
of Kuntze (10-18). He has determined (by the extrapolation 
method) the cohesion limits of a number of steels and nonferrous 
metals, and has investigated the variation of these limits with 
heat-treatment and with plastic deformation (10, 18). The in- 
fluence of plastic deformation on the cohesive strength of a metal, 
according to Kuntze’s view, may be represented by a single curve. 
Typical curves for steel and aluminum are shown in diagrams 
A and B of Fig. 3. The two curves of technical cohesion, and 
the flow-stress‘ curves, extending through H to P, are reproduced 
from Kuntze’s diagrams (10, 18). The other curves, in Fig. 3, 
have been added by the author. They will be discussed later. 

The (single) curve representing the cohesive strength of a metal, 
according to Kuntze’s views, rises to a maximum and then de- 
scends at an increasing rate until it intersects the continuously 
rising curve of flow stress at a point P, representing fracture. 
Fracture thus is assumed to occur when the rising flow stress be- 
comes equal to the decreasing technical cohesion limit. 


4 Ry “flow stress” is meant the yield stress based on the corre- 
sponding sectional area, not on the original area. A curve of flow 
stress, therefore, rises continuously in a diagram, such as those in 
Fig. 3, in which ordinates represent ‘“‘true’”’ stresses, i.e., stresses 
based on the corresponding sectional area. 
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The curve extending through H to P represents the variation of 
the flow stress with slow plastic deformation of an initially un- 
notched specimen. Between H (representing the beginning of 
local contraction) and P, the course of this curve is influenced by 
the notch effect of the increasing local contraction. Because 
of the resultant rise of S;/S; from zero, the curve of flow stress 
diverges at H from the curve Fo, which represents qualitatively 
the variation of unidirectional flow stress, and takes a higher 
course. 

When a notched specimen is tested by tension, the entire curve 
of flow stress is above that for an unnotched specimen; according 
to prevalent views, however, a notch has no effect on the curve 
of technical cohesion. A notch thus elevates the curve of flow 
stress in relation to the curve of cohesion. This effect of spatial 
stress is illustrated qualitatively at A in Fig. 3. An increase of 
S;/S, to 0.2 would move the curve of flow stress to the position 
represented by the curve Fo.2, and thus would move the intersec- 
tion from P to Po». With further increase of S;/S,, the inter- 
section would rise to the summit of the curve of technical,cohesion 
and would then descend to the origin of this curve, the point rep- 
resenting the initial cohesion limit of the metal. 

2 Locus of Fractures of Notched and Unnotched Specimens of a 
Ductile Metal: 


DECEMBER, 1941 


Kuntze’s curve of technical cohesion (Fig. 3) is very different 
from the locus of actual fractures of notched and unnotched 
specimens. The locus of actual fractures of a ductile steel is rep- 
resented qualitatively by the dotted curve in Fig. 3, and quanti- 
tatively by curves in Figs. 4A and 5A. 

In Kuntze’s investigation of the technical cohesion limit, 
slight attention was given to the actual stresses at fracture. In 
diagrams such as those of Figs. 1 and 2 (18), the breaking stresses 
were not recorded unless the fracture was premature. In dia~ 
grams of the type shown in Fig. 3 (11, 16), no actual breaking 
stresses were recorded, except the stress at fracture of an un- 
notched specimen. A few breaking stresses, however, were 
recorded in diagrams of another type. Most of the values so re- 
corded have been assembled in this paper in diagrams of two 
types. In Figs. 1 and 4A are recorded the breaking stresses of a 
ductile steel. (In Fig. 4, as in Fig. 3, abscissas represent de- 
creases in sectional area and ordinates represent “‘true’’ stresses.) 
In Fig. 1, actual breaking stresses are recorded for the notched 
specimens. As the value for the unnotched specimen is not 
known, the value recorded in the figure is merely the maximum 
load divided by the sectional area at fracture; this value obviously 
is too high, as indicated in the figure 

The insertion of the breaking-stress records in Fig. 1 has re- 


_ vealed a surprising relation between the breaking stresses and the 


technical cohesion limit represented by the ordinate of point 7’. 
The breaking stresses of these specimens, after various amounts 
of plastic deformation during the test, are far below the technical 
cohesion limit of the undeformed metal. And yet, plastic de- 
formation, according to Kuntze’s curves of technical cohesion 
(Fig. 3), at first causes rapid increase in the cohesion limit. To 
reconcile the breaking stresses recorded in Fig. 1, with Kuntze’s 
curve (Fig. 3), one would have to assume that the deformation 
of each of these specimens was sufficient to place the point of frac- 
ture far down on the steeply descending part of Kuntze’s curve. 
That such an assumption is not valid, however, is revealed by 
plotting the breaking stresses of this and other steels in diagrams 
of a different type, Figs. 4 and 5. 

At zero abscissa in each diagram of Fig. 4, a plotted point 
represents the technical cohesion limit as given by Kuntze; 
the other plotted points represent actual breaking stresses of 
specimens, notched or unnotched. Attention will now be con- 
fined to the experimental points, to the continuous curves con- 
necting these points, and to the dotted curves. The ascending 
broken curves will be discussed in Section 6. 

In diagram A of Fig. 4, line C indicates approximately the 
course of the descending part of Kuntze’s curve of cohesion. The 
significance of this line, therefore, is the same as in Fig. 3. With 
this line may be compared the locus of actual fractures. (The 
decimal adjacent to each ofthese points indicates the value of 
S;/Si, as obtained by comparing the corresponding points in 
Fig. 1 with the scale at the top of that figure.) With increase 
in S;/S; (Fig. 4A), the locus of fractures extends rapidly to the 
left from point P and descends to a minimum. With further 
increase in S;/S,, the locus ascends rapidly, traverses a maxi- 
mum, and approaches the point representing Kuntze’s value for 
the cohesion limit. At P, the locus of fracture makes a small 
angle with the curve (HP) of flow stress. This angle is at least 
90 deg less than the angle between the curve of flow stress and 
Kuntze’s curve C. Whereas, curve C predicts an initial rapid 
rise of the breaking stress with increase in S;/S;, the breaking 
stress actually decreases slightly and the ductility decreases very 
rapidly. . 

Diagrams representing the cohesive strength of two other 
ductile metals are shown in Fig. 5. Diagram A has been derived 
from results of tests by Ludwik and Scheu (22) of mild-steel speci- 
mens having V-notches of the same depth, but with different 
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angles. The dimensions of the specimens are given in the insert 
sketch. From the constant value of 1 — k and from the various 
notch angles, the values of S;/S; have been calculated by the use 
of Equation [4], and have been recorded adjacent to the experi- 
mental points representing fracture. For the experimental point 
furthest to the left, the value of S;/S, could not be estimated 
because the notch in that specimen was not a V-notch. 

The stress at maximum load (not recorded here) for each speci- 
men has been used in estimating a value of the technical cohesion 
limit, according to Kuntze’s method of extrapolation. The 
values thus obtained are indicated at zero abscissa in Fig. 5A. 
The highest of these widely ranging values corresponds to notch 
angle 170.7 deg, and the lowest value corresponds to notch angle 
102.7 deg. A slightly lower value has been used as the ordinate 
of the locus curve at the origin. 

Line C in Fig. 5A represents the approximate course of the 
rapidly descending part of Kuntze’s curve of cohesion. At P, 
this line intersects the ascending curve of flow stress, for the slow 
loading of an unnotched specimen of this composition. (Between 
H and P, this flow-stress curve, like the corresponding curves in 
Figs. 3A and 4A, is influenced by the notch effect of the increas- 
ing local contraction.) The locus of actual fractures, however, 
is very different from Kuntze’s curve C. With increase of S;/S,, 
the actual locus curve extends rapidly to the left and traverses a 
minimum; it then ascends and traverses a maximum before 


observed mean deformation. 
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reaching zero abscissa. The angle between the locus curve and 
line C in Fig. 5A, as in Fig. 4A, is more than 90 deg. 

The discrepancy between the actual locus of fractures and curve 
C cannot be attributed to an effect of the deformation gradient, 
which replaces the stress gradient during a tension test of a 
notched specimen. A deformation gradient would cause the 
deformation at the local beginning of fracture to differ from the 
As the locus curves (Figs. 4A and 
5A) are not based on “premature” fractures, however, a de- 
formation gradient would affect only the abscissa of a point rep- 
resenting fracture. It could not move intersections, such as 
Po.2, Po.s, and Po. of Fig. 5A, down along the corresponding curves 
of flow stress (Fo.2, Fos, and Fo.4) to the intersections of these 
curves with the actual locus of fractures. 

A few breaking stresses for aluminum are recorded by Kuntze 
(18). If plotted in a diagram of the type shown in Fig. 5B, the 
curve of breaking stresses would be qualitatively similar to the 
locus as drawn, but the range of breaking stresses would be im- 
possibly wide. The actual range must be confined between 
Kuntze’s curve of cohesion and the curve of flow stress for the 
slow deformation of an unnotched specimen. 

A great amount of collateral evidence supports the evidence 
in Fig. 4A and in Fig. 5, as to the course of the locus of fractures 
for a ductile metal. This evidence, moreover, reveals qualita- 
tively the course of such a curve to the right of the point repre- 
senting fracture of an initially unnotched specimen (points P in 
Figs. 3A, 4A, and 5A). The collateral evidence is based on a study 
of the influence of the local contraction during a tension test. 
The blunt notch due to the local contraction causes an increase 
of S;/S, from zero, and thus tends to increase the flow stress and 
decrease the ductility. During local contraction, therefore, the 
curve of flow stress diverges from the curve (Fo) representing 
flow under unidirectional stress, and takes a higher course. By 
avoiding or minimizing the local contraction, consequently, the 
total deformation at fracture can be increased beyond the amount 
usually obtainable (by a tension test). 

One way of diminishing the local contraction at fracture is to 
secure a large proportion of the plastic deformation by cold- 
drawing or cold-rolling. The local contraction in a tension test 
is much less for a severely cold-drawn metal than for a fully 
annealed metal. Cold-drawing, prior to a tension test, conse- 
quently, causes the total plastic deformation (reduction of cross 
section due to cold-drawing plus the reduction during the tension 
test) to be much greater than if the tension test were made with 
fully annealed metal. The “true” stress at fracture, however, 
is but slightly affected by this great difference in plastic de- 
formation. The breaking stress generally is slightly greater for 
the previously cold-drawn than for the fully annealed metal. 

Another method of diminishing the notch effect of the local 
contraction during a tension test is illustrated by a striking ex- 
periment made by Kuntze (9), although not in connection with 
his investigation of technical cohesion. A specimen of low-carbon 
steel was extended by tension until the reduction in the region 
of local contraction was 63 per cent, and the specimen was almost 
at the point of fracture. The specimen was then machined to 
cylindrical form and again tested in tension. The machining 
and testing were repeated six times until the total decrease of sec- 
tional area was 94 per cent. In the following test the specimen 
broke. (The further decrease in sectional area was not stated.) 
By this procedure, therefore, the specimen, which had been de- 
formed almost to the point of fracture in the original test, was 
further reduced until its sectional area was less than one sixth of 
that at the end of the first test. The breaking stress then was 
somewhat higher than the value usually obtained in an ordinary 
tension test of such a steel. 

The collateral evidence, therefore, indicates that the locus of 
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fractures for a ductile metal is very different from Kuntze’s curve 
C. This evidence and the evidence based on the experimental 
point. iadicate that the slope does not change greatly as the curve 
extends to the right from the minimum. 

The curve Fo and the intersection P’ represent qualitatively 
the flow stress and fracture, respectively, under unidirectional 
tensile stress. To the right of P’, the locus curve represents frac- 


ture under a combination of axial tension and radial compression. 


3 Locus of Fracture of a Metal With Slight Ductility: 

' In Fig. 4B is a diagram derived from Fig. 2. As indicated in 
that figure, the smaller specimens fractured only slightly before 
reaching maximum-load condition. With specimens only 1.5 
mm in minimum diameter (not represented in Fig. 2), the ap- 
proach to the maximum load was so close that approximately 
correct values were obtained for the breaking stresses. These 
values and the corresponding values of ductility are plotted in 
Fig. 4B, point P representing the fracture of an unnotched 
specimen. With increase in S;/S,, the breaking stress does not 
decrease to a minimum, as it does with the much more ductile 
steels represented in Figs. 4A and 5A, but rises rapidly, traverses 
& maximum, and reaches zero abscissa at a point representing 
Kuntze’s value of the technical cohesion limit. 

Another point representing a value of the cohesion limit as de- 
termined by Kuntze is at abscissa 4 per cent on the curve desig- 
nated 7;. The steel had been plastically deformed by this 
amount prior to the notching of the specimen for determining this 
cohesion limit by extrapolation. The plastic deformation of 
4 per cent evidently has caused considerable improvement in the 
cohesive strength. The course of the curve of variation of 7 up 
to this point gives no warrant for an assumption that the curve 
would descend abruptly and steeply with slight additional plastic 
deformation. The positions of the points representing actual 
fractures in Fig. 4B, therefore, probably do not signify that an 


increase of plastic deformation beyond about 4 per cent has 
caused great damage to the cohesive strength. Another explana- 
tion must be sought for the steep descent of the locus of actual 
fractures. 


Diagram C of Fig. 4 shows results obtained with steel Rp. 
This steel was produced by plastically deforming steel R (before 
machining) until the sectional area was reduced 4 per cent. (The 
metal then was at the beginning of local contraction.) Although 
this deformation left very little of the initially small ductility 
of the steel, the tensile stress-strain curve (not shown) for each 
notched specimen reached or extended slightly beyond a maxi- 
mum, even when the specimens were of the largest size (d = 6 
mm).§ Fracture thus was not “premature.” When plotted 
in a diagram (18) of the type shown in Fig. 2, the tensile strengths 
of the specimens gave a linear relation with 1 — k. 

The breaking stresses, with the exception of the breaking stress 
of the unnotched specimen, are higher in diagram C than in 
diagram B. The ordinate of the locus curve at the origin in dia- 
gram C is the same as the ordinate of the 7; curve at an abscissa 
of 4 per cent in diagram B. 

The locus of fractures of steel Rp (diagram C), with the ex- 
ception of a slight initial rise, descends continuously, at least to 
point P. The steep descent of this curve can hardly be attrib- 
uted to an influence of the slight range of plastic deformation. 
Another explanation must be sought. 

4 Variables Affecting Locus of Fractures of Notched and Un- 
notched Specimens: 


5 Experiments by Kuntze with various meials have shown that the 
tendency to premature fracture is decreased by plastic extension 
(prior to the formation of the notch) to the beginning of local contrac- 
tion. By such procedure, the ductility and work-hardening capacity 
of the metal have their full effect on the strength of a notched speci- 
men. 
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The evidence leads directly to the surmise that the steep de- 
scent of the locus curves in diagrams B and C, of Fig. 4, is not due 
to the plastic deformation, but is due to variation of the cohesion 
limit with S;/S,. The cohesive strength of a metal, according to 
this surmise, is not represented by a single stress value, but by an 
infinite number of values, varying with the combination of prin- 
cipal stresses. As any of these cohesion limits is affected by 
plastic deformation, the locus of fractures represents the influence 
of two variables, S;/S, and plastic deformation, on the breaking 
stress. When a metal has little ductility, the influence of the 
variable plastic deformation is small in comparison with the 
influence of the variable S,/S, (diagrams B and C of Fig. 4). 
When a metal has considerable ductility, both variables affect 
the form of the locus of fractures, and thus cause the complex 
form shown in Figs. 3A, 4A, and 5. 

By varying the amount of plastic deformation prior to the 
investigation of the locus of fracture, the form of the curve may 
be changed gradually from that seen in Fig. 4A to that seen in 
Fig. 4C. With increase in the prior plastic deformation, the 
locus of fracture is elevated at and near the origin, but is not 
elevated at the point (P’), representing fracture under unidirec- 
tional stress. A similar change in the curve may be produced by 
hardening the metal by any other means, such as the addition of a 
hardening element. There is need for an extensive investigation 
of the form of the locus of fractures as affected by such variables. 
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Distortion of the locus of fractures, in each diagram of Fig. 4, 
is caused by the influence of two variables (other than S;/S;), 
which affect the deformation at fracture. One of these variables 
is the deformation gradient replacing the initial stress gradient; 
the other variable is associated with the size and relative depth 
of the notch. Practical consideration required that the speci- 
mens with relatively deep notches have small minimum sections 
(small values of d). As stated by Kuntze, it was difficult to make 
such notches sharp enough. The spatial-stress ratio, therefore, 
probably was less than in accordance with Equation [4]. If 
the locus curves in Fig. 4 were free from the influence of these 
two variables, and thus varied only with S;/S; and with the 
plastic deformation, they probably would have the forms indi- 
cated by the dotted lines. At its origin (Figs. 3, 4, and 5) each 
curve is tangent to Kuntze’s curve of cohesion limits. 

Each of the two important variables affecting the technical 
cohesion limit will now be considered separately. The influence 
of the combination of principal stresses on the cohesion limit 
will be considered in Section 5. The influence of plastic defor- 
mation will be considered in Section 6. 


5—INFLUENCE OF COMBINATION OF PRINCIPAL 
STRESSES ON TECHNICAL COHESION LIMIT 


1 Variation of Technical Cohesion Limit With Ratio of S; to S,: 
The idea that fracture is not determined by any single criterion, 
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such as the greatest principal stress, has been presented by 
Bridgman as early as 1912 (1), and in more recent papers (2, 3, 
4). His idea is based on results of compression tests of several 
types. In the tests of one type, cylindrical specimens were sub- 
jected to hydrostatic pressure on the cyclindrical surface, while 
the ends of each cylinder projected through the sides of the pres- 
sure vessel; the ends of the specimen thus were subjected only 
to atmospheric pressure. When the hydrostatic pressure reached 
a certain value, depending upon the material, the specimen frac- 
tured transversely as if it had been broken by tension, and the 
broken pieces were projected violently from the vessel. Ductile 
metals contracted locally before fracture; brittle materials, such 
as hard tool steel or glass, did not contract locally, but broke with 
clean, exactly transverse fractures. In a brittle specimen, there- 
fore, there was no stress normal to the plane of the fracture, ex- 
cept the small axial compressive stress induced by the atmospheric 
pressure and by the frictional resistance of the packing. 

In another type of experiment, a ring of hard rubber tightly en- 
circled a hard-steel cylinder. When the entire cylinder and ring 
were subjected to hydrostatic pressure, the rubber ring broke as 
if it had been stretched by an expansion of the cylinder. Every 
dimension of the ring, however, was decreased by the hydro- 
static pressure. The fracture, therefore, cannot be attributed 
to a tensile stress or to an extension, but may be attributed to a 
relative increase in one dimension. The decrease of this dimen- 
sion was less than if the rubber ring had not been restrained by 
the less compressible steel cylinder. 

As the influence of the combination of principal stresses on the 
technical cohesion limit can be evaluated only by excluding the in- 
fluence of plastic deformation, the first study should be made with 
a brittle material. A diagram intended to represent the relation- 
ship between the principal stresses at fracture of a brittle ma- 
terial has recently been presented by Bridgman (4). This dia- 
gram represents Bridgman’s views as to the qualitative variation 
of the breaking stress when two of the principal stresses are kept 
equal. A modification of this diagram is shown in Fig. 6. The 
diagram in Fig. 6, however, differs in important respects from 
Bridgman’s diagram; a portion of the diagram in Fig. 6, differs 
qualitatively from Bridgman’s diagram, and represents quanti- 
tatively the variation of the cohesion limit of a carbon steel 
(Rp) with the ratio of S; to S,. This part of the diagram is based 
on the previously discussed diagram C in Fig. 4. 

The diagram, in Fig. 6, represents the variation of the principal 
stresses at fracture of a cylinder. One of the principal stresses is 
in the direction of the axis, and the other two principal stresses are 
equal; the radial stress, therefore, is uniform. The (algebraically) 
greatest principal stress is designated S;, and the least principal 
stress is designated S;. (Compressive stress is viewed as nega- 
tive.) The upper curve (A) represents the variation of the 
breaking stress when the radial stress is algebraically less (except 
at point 7’) than the axial stress. Abscissas, therefore, represent 
values of S; and ordinates represent values of S;. Curves R and 
R’ represent two assumptions as to the variation of the breaking 
stress when the radial stress is algebraically greater than the axial 
stress; for these curves, therefore, abscissas represent values of 
S, and ordinates represent values of S;. This reciprocal rela- 
tion between the coordinates of the curves on opposite sides of the 
diagonal line H should be kept in mind. 

The diagonal line H is the locus of all points representing 
polarsymmetric stress. The curves of a single diagram inter- 
sect line H at only one point, the point representing the disruptive 
stress.’ From this point, the curves diverge continuously. 

6 Bridgman’s diagram is a sectional view of a three-dimensional 
diagram with rectangular coordinates. Abscissas, therefore, do not 
represent stresses as they do in Fig. 6, but represent 1/2 times 


stresses. 
7 A term used by Bridgman, 
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Attention will be given first to curve A. The intersections of 
this curve with the radiating broken lines represent fracture 
under the indicated combinations of the principal stresses. 
Within the field of positive values of S;/S;, the curve represents 
the stresses at tensile fracture of notched cylindrical specimens. 
Point 7 represents (by its ordinate) the unidirectional tensile 
stress necessary to cause fracture; this will be termed the “sever- 
ing stress.’’ Within the field of negative values of S;/S,, a por- 
tion of the curve represents the stresses at fracture during cold- 
drawing. Point Tc, or a portion of the curve near it, represents 
the stress at fracture under cold-rolling. Point 7'¢2 also repre- 
sents fracture under the conditions of the previously mentioned 
experiment (by Bridgman) in which the specimen was subjected 
to radial hydrostatic pressure but to no axial stress. The com- 
pressive stress at fracture, under these conditions, is somewhat 
greater than the severing stress (7). In Fig. 6, the abscissa 
at Tc: has been made slightly greater than the ordinate at 7. 

With extension of curve A into the region representing both 
axial and radial compression, the divergence from line H con- 
tinues, and possibly is more rapid than is indicated in the figure. 
This part of the curve represents fracture when the radial com- 
pressive stress is arithmetically greater (though algebraically 
less) than the axial compressive stress. As pointed out by Bridg- 
man (4), experiments by Richart, Brandtzaeg, and Brown (28) 
with cylindrical specimens of concrete, under such conditions, 
gave transverse fractures. Curve A throughout its entire length, 
therefore, evidently is the locus of points representing transverse 
fracture, similar to that produced by an ordinary tension test. 
Fracture of this type evidently is to be expected when a cylindrical 
specimen is subjected to sufficient extension, either absolute or 
relative. 

As Bridgman has shown (4), any combination of principal 
stresses (represented by a diagram of this type) may be resolved 
into a unidirectional stress superposed on a system of polar- 
symmetric stress. Point 7'¢2 thus may be viewed as a combina- 
tion of triaxial compression represented by point Z, with a tensile 
stress represented by the distance from EF to Tq. Any other 
point on curve A represents a qualitatively similar combination. 
With descent of a point along curve A, the corresponding value 
of the superposed tensile stress increases. This variation is viewed 
by Bridgman as a positive pressure coefficient of the superposed 
stress. 

Curve R’ has been drawn so that curves R’ and A are sym- 
metrical with reference to the diagonal line H. As abscissas of 
curve R’ represent S,, and as S; equals S;, a symmetrical relation- 
ship between curves R’ and A evidently implies that the breaking 
stress is the same when S; equals S; as when S: equals S;. It thus 
implies that the breaking stress is the same for unidirectional com- 
pression as for radial compression 7¢2, whereas, Bridgman states 
that the breaking stress is considerably higher for unidirectional 
compression. A curve of actual variation of the breaking stresses, 
therefore, should be below curve R’. Curve R has been drawn 
60 as to be at least a qualitative representation of the variation 
of the breaking stresses when S; = S, > S;. This curve, more- 
over, has been constructed in accordance with a hypothesis, to 
be discussed later, as to the relation between curves R and A. 

The point T¢ represents fracture under unidirectional com- 
pressive stress. This point and any other point on curve R may 
be viewed as representing a combination of a system of polar- 
symmetric stress with a unidirectional compressive stress. This 
fact has led Bridgman to the conclusion that any point on curve 
R should represent a “compressive” fracture. He thus views the 
fracture represented by point 7, as a “compressive” fracture, 
although he terms this stress system “rending stress.” More- 
over, he finds difficulty in the idea that curve FR represents a 
continuous transition from a “compressive” fracture at T’¢ to a 
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tensile fracture at 7,; he speaks of the “paradoxical” condition 
that curve R between 7'p and 7; presumably represents a com- 
pressive fracture, while all the stresses are tensile. To give more 
opportunity for this supposed change from ‘compressive’ to 
tensile fracture, he considers the possibility that curve R between 
Tr and 7; may be much more extensive than as shown in his 
diagram (or in Fig. 6). He also suggests the possibility that the 
curve may not be continuous between these points. 

There is no real difficulty, however, in the interpretation of 
curve R. Instead of viewing failure under radial tension (7',) 
as a compressive fracture, it is more logical to view failure under 
unidirectional compression (7'¢) as a rending fracture. Fracture 
of a (statistically isotropic) brittle material under unidirectional 
compression often appears as if the material had been pulled 
apart by radial tension. Fracture represented by point 7'¢ may 
be viewed as a combination of polarsymmetric stress, represented 
by point F, with the radial tensile stress represented by the dis- 
tance from F to 7'¢._ A similar resolution of stresses may be made 
for any other point on curve R. 

In a rending fracture, as in any other type except a shearing 
fracture, the surfaces of fracture are transverse to the direction 
of the greatest absolute or relative extension. Under either radial 
tension or axial compression, the strain is equal in all directions 
perpendicular to the axis of the cylinder. A rending fracture, 
therefore, is essentially a two-dimensional disruptive fracture. 
The change from two-dimensional to three-dimensional disrup- 
tion occurs abruptly (Fig. 6) at point 7}. 

In Bridgman’s diagram (4), the curve is continuous through 
point 7;. To the left of 7; the ordinate reaches a maximum; 
to the right, the abscissa reaches a maximum. The correct form 
of this part of the diagram, however, probably is as indicated 
in Fig. 6. As the directions of the greatest and least principal 
stresses interchange at 7, the tangent to the boundary of the 
diagram turns through at least 90 deg, and the fracture changes 
from the severing type (curve A) through the disruptive type 
(T,) to the rending type (curve R). 

Between 7> and 7’, curve A is a quantitative representation of 
the variation of the cohesion limit. This part of the curve has 
been established by plotting the breaking stresses (S, and S;) of 
steel Rp (Fig. 4C). The disruptive stress of this steel has been 
plotted as 7, and the actual breaking stresses have been plotted 
at the indicated points in Fig. 6. (No correction has been made 
for the influence of the slight amounts of plastic deformation 
represented in Fig. 4C. The resultant error, however, is slight.) 
The plotted points conform very well with the smooth curve, and 
this curve conforms well with the general form of the entire 
diagram. The evidence thus supports the view that the maximum 
value of the cohesion limit is the disruptive stress 7’. 

The evidence in Fig. 6 also supports the view that the break- 
ing stresses, indicated in Fig. 4C, represent cohesion limits de- 
pendent upon the ratio of S; to S;. The technical qphesive 
strength of a metal evidently cannot be represented by a single 
stress value. At the fracture of a notched specimen, the cohesion 
limit depends not only upon the plastic deformation, but also 
upon the depth and sharpness of the notch. 

In referring to a cohesion limit, it evidently is necessary to 
designate the corresponding value of S;/S,. As the severing 
stress has been designated by 7» and the disruptive stress by 
T,, the cohesion limit for any other value of S;/S, may be 
designated by 7 with the corresponding subscript. This system 
of designation will be used in future discussion. 

2 Relation Between Maximum Shearing Stress and Volume- 
Stress at Fracture: 

Any combination of principal stresses may be resolved into a 
stress component which causes pure volume-strain and a com- 
bination of pure shearing stresses, which cause distortion but no 
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change in volume. The volume-strain is (S,; + S; + S3)/3K. In 
this expression, K is the bulk modulus of elasticity. The volume- 
strain is the same as if the stress system were replaced by a polar- 
symmetric stress equal to the average of the three principal 
stresses. This stress (S,) will be termed the “volume-stress.” 
The maximum shearing stress is (S; — S3) /2. 

By a simple graphical method, it is possible to determine, for 
any point on one of the curves of Fig. 6, the corresponding values 
of the maximum shearing stress and the volume-stress. Although 
the description of the method will be limited to curve A, the 
method is applicable to each of the curves of Fig. 6. 

Any point on line G in Fig. 6 represents a combination of 
principal stresses which would cause pure shear. The intersec- 
tion of line G with curve A represents fracture under pure shear, 
and the intersection of the same line with line H represents the 
corresponding value of the volume-stress (zero). Similarly 
correlated points, moreover, would be obtained by drawing any 
line parallel to line G. The intersection of such a line with curve 
A would represent a combination of principal stresses at fracture, 
and the intersection with line H would represent the correspond- 
ing volume-stress. The shearing stress would be proportional 
to the length of this line between its intersections with curve 
A and line H, but would be measured by 1.5 times the abscissa 
range. By use of a series of such lines drawn parallel to line G, 
it is possible to derive from curve A curves of variation of the 
maximum shearing stress and the greatest principal stress with 
the volume-stress. Curves so derived from curve A, and from 
the other curves of Fig. 6, are shown in Fig. 7. The letter desig- 
nating each curve in Fig. 7, is the same as the letter designating 
the corresponding curve in Fig. 6. 

If the criterion for fracture is a function of only two of the three 
variables under consideration, the criterion must be applicable 
to the entire three-dimensional diagram representing fracture; 
it, therefore, must apply to corresponding curves derived from 
both A and R of Fig.6. Diagram A of Fig. 7 shows the variation 
of the maximum shearing stress with the volume-stress. Curve R 
in this figure is above curves A and R’, and curves A and R’ do 
not coincide. The criterion for fracture, therefore, cannot be ex- 
pressed as a function of the maximum shearing stress and the 
volume-stress, 

Diagram B of Fig. 7 shows the variation of the greatest prin- 
cipal stress with the volume-stress. Curves A and FR’ differ 
greatly in this diagram, although they are derived from curves 
reciprocally related as to the greatest and least principal stresses. 
Curve R of Fig. 6 has been drawn so as to make the derived curve 
R of Fig. 7 coincide with curve A. If curves A and R of Fig. 6 
are correctly related, therefore, the criterion for fracture could 

be expressed as a function of the volume-stress and the greatest 
principal stress, or as a function of the volume-strain and the 
greatest principal strain. It would then be generally true that 
the higher the volume-stress, the higher is the ratio of the volume- 
stress to the greatest principal stress. Whether such a criterion 
is even approximately applicable to every combination of the 
principal stresses cannot be determined until more evidence is 
available as to the quantitative relation between curves A and 
R of Fig. 6. The criterion evidently would imply that the com- 
pressive stress is twice as great at T'c as at 7'¢2 (Fig. 6). 


6—INFLUENCE OF PLASTIC DEFORMATION ON TECH- 
NICAL COHESIVE STRENGTH OF METALS 

Because the technical cohesion limit varies with the combina- 
tion of principal stresses, the influence of plastic deformation on 
the cohesive strength of a metal cannot be represented by a single 
curve. A complete picture of the influence of plastic deforma- 
tion on the cohesive strength would comprise a series of typical 
curves, each representing the influence of plastic deformation on 


A-163 


the cohesion limit corresponding to a particular combination of 
principal stresses. The available evidence permits the constric- 
tion of several series of such curves for different steels (Figs. 3 and 
4). Each of these series comprises typical curves, each corre- 
sponding to the indicated value of S;/S,. 

A locus of fractures (Figs. 3, 4, and 5), as shown in Section 
4, does not represent the variation of a single cohesion limit with 
plastic extension. Any point on a locus of fractures, however, 
could be made the terminus of a curve representing the influence 
of plastic deformation on the cohesion limit corresponding to a 
single value of S;/S;. Such a curve could be established qualita- 
tively on the reasonable assumption that all such curves are 
similar in form, and on the basis of evidence as to the form of the 
curves representing the influence of plastic deformation on 7; and 
T>. Consideration will be given first to the influence of plastic 
deformation on 7}. 

Kuntze’s curves of variation of the cohesion limit with plastic 
extension, of which the previously discussed curves in Fig. 3, are 
typical, are based on the incorrect assumption that the technical 
cohesive strength of a metal can be represented by a single curve. 
Each of his curves is drawn through points representing the dis- 
ruptive stress (7), but is extended downward to a point repre- 
senting tensile fracture of an unnotched specimen. This point, 
as shown in Section 4, represents the cohesion limit corresponding 
to a very small value of S;/S,. (The influence of the local con- 
traction of the specimen raises this value slightly above zero.) 
The steep drop in each of Kuntze’s curves of cohesion, therefore, 
does not represent the course of a curve of variation of 7}. 

Kuntze’s curve for annealed aluminum (Fig. 3B) indicates that 
T, increases continuously until the decrease in sectional area 
reaches 65 per cent, but gives no valid evidence that the increase 
of 7, stops at this point. By cold-drawing other specimens of 
aluminum, moreover, Kuntze has extended these specimens until 
the decrease in sectional area reached 90 per cent (11, 16). The 
values of effective extension corresponding to the 65 and 90 per 
cent decrease of sectional area are about 200 and 900 per cent.® 
This enormous increase in plastic deformation caused no decrease 
in T;; the value of T; obtained after the decrease of 90 per cent 
was no less than after the decrease of 65 per cent. The evidence, 
therefore, suggests that plastic extension of aluminum causes 7; 
to increase continuously at a gradually decreasing rate. 

The 7; curve for steel would not be expected to differ quali- 
tatively from the 7; curve for aluminum. The descent of 
Kuntze’s curve for steel (Fig. 3) is based on the invalid assump- 
tion that the curve should be extended downward to point P. 
By basing the curve entirely on the experimental points actually 
representing values of 7’, it is possible to surmise that the typical 
curve for steel should rise continuously at a decreasing rate, as 
indicated by the broken curve 7; in Fig. 3A. In Kuntze’s curves 
for other steels (11, 13, 14, 16), the evidence for a descent is even 
weaker than it is in Fig. 3A. Generally only three points on each 
of his curves actually represent values of T;. One of these points 
is at the origin, one is about half way up the ascending part of his 
curve, and the other is well down on the descending part; no ex- 
perimental point is at the summit. As the second and third 
points differ little in height, and as the accuracy of a single esti- 
mated value of 7; probably is not great, the evidence is not con- 
tradictory to the view that the 7; curve for steel is qualitatively 
similar to the 7; curve for aluminum. This view as to the course 
of the 7; curve for steel is supported by evidence now to be pre- 
sented as to the course of the J») curve. A reasonable surmise 
is that the two curves should be similar in form. 

In diagram A of Fig. 4, the JT, curve must enter the small angle 


8 By “effective extension” is meant (A9/A — 1) X 100 per cent, 
in which Ao and A represent the initial and final sectional areas, re- 
spectively. 
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between the locus of fractures and the curve of flow stress of an 
unnotched specimen, and must intersect curve Fy) and the locus 
of fractures at P’. Although Fp and the position of P’ have not 
been exactly established, their inexactness causes no uncertainty 
as to the form, and little uncertainty as to the origin, of the 7’ 
curve. As there is no possibility for a final descent of this curve, 
the evidence indicates that the 7» curve rises continuously 
throughout its entire extent. Additional evidence that the 7 
curve for steel must be of this form is provided by the small angle 
between curve Fy and the locus of fractures in Fig. 5A. (Similar 
evidence in Fig. 5B suggests that the 7) curve for aluminum also 
is of thisform.) A logical surmise, therefore, is that the 7’) curve 
for steels, like the 7; curve for aluminum, rises continuously at a 
decreasing rate. Support thus is given to the previously ex- 
pressed view that this is the form of the 7; curve for steel. The 
evidence, consequently, suggests that this is the form of the curve 
corresponding to any value of S;/S,. 

Contrary to the prevalent view, therefore, plastic extension in 
any amount evidently does not damage the technical cohesive 
strength. The curve representing a single cohesion limit thus 
resembles qualitatively a curve of flow stress. The flow stress, 
however, evidently rises more rapidly than the corresponding 
cohesion limit, and the two curves intersect at a small angle, at a 
point representing fracture. Any point on a locus of fractures 
(Figs. 3A, 4A, and 5A), therefore, may be viewed as the inter- 
section of a curve of flow stress with a curve of cohesion. Two 
such intersections are represented in Fig. 3A. One of these is the 
intersection of curves Fy and 7», the other is the intersection oi 
Fo. and To... The typical curves of cohesion, represented by 
the ascending broken lines in this diagram and in Fig. 4, are only 
approximate representations. Each series of curves, however, 
gives a qualitatively correct picture of the influence of plastic 
defurmation on the cohesive strength of a single steel. 

The 7> curves for steels (Figs. 3 and 4) have been established 
approximately on a few reasonable assumptions, in addition to 
the general assumption that 7» increases continuously at a de- 
creasing rate. One of these assumptions is made to establish the 
approximate initial slope of the 7) curve. Kuntze (13, 14) has 
presented evidence as to the initial slopes of the 7, curves for a 
number of metals and has represented graphically the percentage 
increase of this cohesion limit with plastic extension. In con- 
structing the 7) curves in Figs. 3 and 4, a probable value of this 
percentage for each of the steels has been selected from Kuntze’s 
data, and it has been assumed that the initial percentage increase 
of 7) with plastic extension is the same as the initial percentage 
increase of 7). 

Another assumption is that the approach of the 7’) curve to the 
F, curve is continuous. This assumption, together with the as- 
sumption as to the initial slope, limits rather closely the form of 
the 7, curve; the two assumptions cause the curvature to be 
slight except near the origin.® 

The origin of the 7) curve in Fig. 4A must be placed within 
rather narrow limits because of the small angle between the Fy 
curve and the locus of fractures. Some angle must exist between 
the 7 curve and each of these curves. The position of the ori- 
gin, therefore, could not be very different from the position in the 
figure. An additional assumption, however, may be made as to 
the position of the 7) curve at the origin. The ratio of T; to To 
at the origins of corresponding curves probably is about the same 
for all the steels represented in Figs. 3 and 4. For steel Ro, 
~ 9A diagram of this type, although it is convenient to construct, 
gives a somewhat distorted picture of the variation of properties at 
large decreases of sectional area. A small change of abscissa here 
represents a large change of plastic deformation. If the 7 and Fo 
curves were plotted with “‘effective extensions’ as abscissas, the 


curves (for a ductile metal) would approach a horizontal direction 
and would meet at a very small angle. 
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represented in Fig. 6, and in Fig. 4C, the ratio is 2.04. In Figs. 
3A, 4A, and 4B, the origins of the 7’) curves are so placed that 
the corresponding ratios of 7 to T> are 2.06, 2.20, and 2.04, re- 
spectively. The relatively high value of the ratio for the steel 
represented in Fig. 4A is due to the necessity of considering not 
only the 7 curve but also the entire series of 7' curves of this 
diagram. The curves have been placed so as to represent a con- 
sistent series in best agreement with all the points representing 
actual fractures, and so that the ordinates of the origins are ap- 
proximately proportional to the corresponding ordinates of curve 
A of Fig. 6. 

Each series of cohesion curves in Figs. 3 and 4 comprises 
curves corresponding to typical values of S;/S,. From the es- 
tablished origins, the cohesion curves have been drawn so that 
the ordinates of each curve are proportional to the corresponding 
ordinates of the 7) curve. Each of these diagrams thus gives a 
qualitative picture of the variation of the cohesive strength of a 
single steel with plastic deformation. 

The Fo. curve in Fig. 5 has been drawn so that the ordinates 
are proportional to the corresponding ordinates of the curve of 
flow stress for an unnotched specimen. The ratio of correspond- 
ing ordinates has been determined by reference to the yield-point 
curve Y of Fig. 1. A similar procedure has been used in con- 
structing the flow-stress curves in Fig. 5. 

Negative values of S;/S,, as shown in Fig. 6, represent a com- 
bination of axial tension with radial compression. Such a com- 
bination of stresses exists during the cold-drawing of a rod or 
wire. In diagrams of the type shown in Figs. 3, 4, and 5 the field 
representing negative values of S;/S; is bounded by the curve F, 
and by the locus of fractures to the right of P’. In diagrams 
B and C of Fig. 4 a few cohesion curves have been drawn to rep- 
resent single negative values of S;/S,. 

The locus ‘ fractures for a metal with very little ductility (Fig. 
4C) evidentl, would descend nearly vertically through the field 
representing -egat:.« values of S;/S;. With descent into this 
field, the plastic du:ormation at fracture would increase only 
slightly. With a slightly more ductile metal (Fig. 4B), the in- 
crease in ductility would be more rapid. The curve, however, 
probably would not traverse a minimum, even if extended far 
into the field representing negative values of S;/S,. 

The locus of fractures of a very ductile metal (Figs. 3A and 
5A), as it extends to the right from the minimum, eventually 
traverses a maximum and turns rapidly downward. For a very 
ductile metal, this steep descent of the curve does not begin until 
the reduction of sectional area is very great, sometimes more 
than 90 per cent. Eventually, however, the ductility of the 
metal becomes exhausted and the locus of fractures takes a 
nearly vertical course, the course of the locus for a brittle metal. 
The entire complex course of the locus of fractures of a ductile 
metal is explainable in terms ef the influence of the same two 
variables, S;/S, and plastic deformation. 

For the ductile metals represented in Figs. 3A, 4A, and 5A the 
approximate upper boundary of the field representing great 
available ductility is the boundary between the fields representing 
positive and negative values of S;/S;. For some metals, how- 
ever, the upper boundary of the field of available ductility is far 
down in the field representing negative values of S;/S,. Some 
metals cannot be plastically deformed by usual methods, but 
can be cold-worked by swaging. 

In the previous discussion of the influence of plastic deforma- 
tion on the technical cohesive strength of metals, attention has 
been confined to the influence of continuous plastic extension. 
Kuntze (11, 20) has reported that axial compression of cylindrical 
specimens of some steels lowered the technical cohesion limit, as 
determined by the usual tension tests of notched specimens. 
This conclusion, however, has been questioned by Dawidenkow 
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and Schewandin (6). These authors also investigated the in- 
fluence of alternating stresses on the technical cohesive strength 
(5). Specimens of 0.15 to 0.20 per cent carbon steel were sub- 
jected to rotating-cantilever tests for various numbers of cycles. 
They then were broken by static bending at the temperature of 
liquid air, to determine whether the breaking load was lowered by 
the prior cyclic stress. A curve, drawn with breaking stresses as 
ordinates and numbers of prior cycles as abscissas, descends slowly 
at first, but much more rapidly after about 300,000 cycles. The 
sudden drop begins with the appearance of a circumferential 
crack, 

The investigators were of the opinion that the descent of this 
curve represents damage to the cohesive strength, starting with 
the first cycle of stress. It appears possible, however, that the 
initial slow descent does not represent an actual decrease of co- 
hesive strength. The bending load at fracture would depend 
upon the stress distribution in the cross section. Possibly the 
stress distribution becomes more nearly linear (even at the tem- 
perature of liquid air) with cyclic repetition, up to the appear- 
ance of a circumferential crack. The bending load at fracture, 
therefore, may give little evidence as to the variation of the co- 
hesive strength. 

When the local plastic deformation has become sufficient to 
raise the flow stress to equality with the corresponding cohesion 
limit, fracture begins whether the plastic deformation has been by 
continuous or by repeated loading. Throughout a considerable 
range of the plastic deformation, the difference between the flow 
stress and the corresponding technical cohesion limit evidently 
is rather small (Figs. 3, 4, and 5). Fracture begins when the local 
deformation, stress combination, and velocity of deformation are 
such that the curves of flow stress and cohesion intersect. The 
fact that a brittle fracture may be obtained by fatigue of a duc- 
tile metal is more readily explainable with reference to a pair 
of curves intersecting at a small angle, than with reference to the 
prevalent views of the relation between the curves of flow-stress 
and cohesion. 
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An Extension of the Sand-Heap Analogy in 
Plastic Torsion Applicable to Cross 
Sections Having One or More Holes 


By M. A. SADOWSKY,? CHICAGO, ILL. 


In this paper, the author cites the basic theory of the 
sand-heap method of plasticity as developed by A. Nadai, 
which involves determination of the twisting moment in 


plastic torsion by means of the formula M = 2 <= V. The 


author explains the principles upon which the analogy is 
modified to apply in the case of cross sections having one or 
more holes, such as a twisted shaft. The technique de- 
veloped to meet such cases is described in detail and a 
mathematical analysis is given which results in a twisting- 
moment formula for a cross section with holes, equivalent 
in accuracy to that of the original equation for the simple 
case of a twisted bar. 


r NHE sand-heap method of plasticity was invented by 
A. Nadai and first made public at a meeting of the German 
Society of Applied Mathematics and Mechanics in Mar- 

burg, Germany, in 1923. Descriptions of the method by its 

inventor are found in Dr. Nddai’s monograph? on plasticity and 
in a paper‘ on plastic torsion. 

A plate whose shape is geometrically similar to the cross section 
of the twisted bar serves as a horizontal tray to hold a heap of 
dry uniform sand. The heap is to be as big as it is possible to pile 
by pouring a gentle stream of sand on top of the model, the ex- 
cessive sand rolling freely down the slopes of the heap and falling 
off the elevated tray. The maximum-size heap being formed, 
its volume V is determined by weighing. The twisting moment 
M in plastic torsion is then given by 


in which k is the maximum value of shearing stress in plasticity 
and m is the value of the slope of the lateral surface of the sand 
heap. Furthermore, the horizontal level lines on the heap, pro- 
jected vertically down on the supporting tray, give the system of 
trajectories of the maximum shearing stress k, acting upon the 
cross section. The ease and speed with which ideutical sand 
heaps can be built up repeatedly furnish a simple and inexpensive 


1 This paper is a part of a manuscript on plasticity by George E. 
Hay of the University of Michigan and Michael A. Sadowsky of the 
Illinois Institute of Technology. 

2 Instructor in Mathematics, Illinois Institute of Technology. 

3 “Plasticity,’”’ by A. Nd&dai, Engineering Societies Monographs, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1931, pp. 132- 
143. 

4 “Plastic Torsion,’’ by A. Nddai, Trans. A.S.M.E., vol. 53, 1931, 
paper APM-53-3, pp. 29-48. 

Presented at the National Meeting of the Applied Mechanics 
Division, Philadelphia, Pa., June 20-21, 1941, of THz AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1942, for publication at a later date. Discussion 
received after the closing date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


laboratory technique. The accuracy of measurements is in- 
creased by enlarging the size of the supporting tray in a manner 
geometrically similar to a reasonable and handy limit. 


AppLyING ANALOGY To Cross SEcTION HoLes 


The analogy as described cannot be used if the cross section has 
one or more holes (cross section of a simple or multiple tube). 
Indeed, consider a circular shaft with an extremely small bore at 
its center; an inner crater would arise in the sand heap which 
would resemble a volcano, and more than 25 per cent of the sand 
would escape, while the twisting moment need not be reduced by 
the bore by even 1 per cent. The modification of the sand-heap 
analogy to use in such cases is as follows: 

If the cross section of the twisted shaft has holes, similar holes 
must be made in the supporting tray, but the sand must not be 
allowed to escape immediately through them. To stop the sand, 
vertical cylinders fitting the holes must be provided for. Each 
cylinder has to be adjustable at any height, being moved verti- 
cally through the hole. Precautions are to be taken to move and 
to hold each cylinder in a strictly vertical position while moving 
it through the hole up or down. Fig. 1 shows a possible arrange- 


© 


(8) (6) 


ADJUSTABLE 
VERTICALLY 


Fie. 1 ARRANGEMENT DEMONSTRATING THE CASB OF A Cross SEC- 
TION Havine OnE 


ment in which two identical trays A and B are used which secures 
a strictly vertical position of the cylinder C. The cylinders are 
hollow tubes whose upper edges are precisely horizontal and have 
inner conical slopes such that a corn of sand, if placed on the edge, 
would inevitably glide down the slope and fall out of the model 
through the hollow tube. 

In the preparatory stage of the experiment, all cylinders are 
moved up as high as possible and a maximum sand heap is formed 
on the upper tray A only. All the top openings of the cylindrical 
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tubes have to be entirely devoid of sand in this preparatory stage 
of work, the sand heap must not reach the tops. After the maxi- 
mum heap is thus formed, each cylinder is lowered slowly and 
gradually. At a certain position, the openings of the cylinders 
will reach the surface of the heap, and a stream of sand will begin 
to pour through the opening. The lowering of the cylinders has 
to continue and to proceed until the entire brim of each opening is 
completely surrounded by sand and, hence, no part whatsoever of 
the lateral surfaces of the cylinders is visible, all cylinders being 
entirely submerged into the sand. As this stage is reached, the 
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Fie. 2 Resuitine SHAPE or SAND Heap WiTH Two or Un- 
EQUAL S1zE 1n Cross SECTION 


lowering of the cylinders is to cease. During the process de- 
scribed, a continuous downpour of sand on the tray is required to 
secure an intact shape of the heap. To make sure that none of 
the cylinders has been lowered too much, it should be raised 
slightly. If, in spite of the downpour of sand, a part of the 
lateral surface of the cylinder as raised should become and remain 
visibly exposed, the cylinder was not originally in too low a posi- 
tion and should be brought back into it. It may be stated that, 
in the final model, all cylinders are at maximum heights at which 
no part of their lateral surfaces will protrude from the heap and be 
visibly exposed. Fig. 2 shows schematically the resulting shape 
of the sand heap. Quite complicated surfaces may arise in actual 
three-dimensional sand heaps; however, this geometric problem 
solves itself by the medium of the sand and does not concern us. 

Let Vo denote the volume of the sand heap as described, and let 
Si, S:, .... 8, be the areas of the holes and hy, h,, .... h, the depths 
of the cylindrical cavities in the sand heap, measured from the 
level of the tray A up to the level of the top opening of each cylin- 
der. Then the quantity V as defined by 


V = Vo + Sihy + Soha + .... + [2] 


is to be used in Equation [1] to obtain the correct value of the 
twisting moment M. 
The right-hand member in Equation [2] admits a geometric 
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interpretation as follows: Assume that the sand heap could be 
“frozen” so it would not collapse if the cylinders should all be re- 
moved. If the cylinders were then removed, the holes in the 
tray A closed, and the cavities in the model filled with sand reach- 
ing the edges of the holes and forming plane top faces, then the 
entire volume of sand in such a model would equal the quantity V 
in Equation [2]. The modified model, having a solid tray A (no 
holes in the tray) and plane horizontal faces on the surface of the 
heap at the locations corresponding to the holes, may be used to 
develop a modified laboratory technique. 


MATHEMATICAL ANALYSIS 


The stress matrix in torsion is 


0 0 tag 
0 0 [3] 
0 
The condition of plasticity 
(0, — + 03)? + (03 — = [4] 


expressed in terms of the stress components can be shown to 
reduce itself to 


The only equation of equilibrium to be taken care of is 

OT ys 

+ Dy [6] 


This equation is formally integrated by means of the plastic 
stress function, F = F(z, y), which is introduced by 


in which the visual interpretation of the constant m will be deter- 
mined later. Substituting the stresses of Equation [7] in the 
condition of plasticity, Equation [5], we obtain 


3) + (=) [8] 


lgrad F(z, y)| = [9] 


But the absolute value of the gradient of F(z, y) is the slope of 
the surface 


whence 


It follows that the surface Equation [10] has a constant slope m 
at every point. This property gives rise to the sand-heap 
method, since the slope of a heap of sand (maximum heap) is con- 
stant everywhere and the numerical value of the slope m is 
readily obtained by direct measurement. 

For a trajectory of the resulting maximum: shearing stress k, 
we have in the z, y plane 


oF 
dy Tr oz 
ll 
[11] 
dy 
whence 
oF 
[12] 
oy 
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along each trajectory of the resulting maximum shearing stress k. 
As each closed oval part of the boundary of the cross section is 
such a trajectory, we have 


z=constt=h; (¢ = 0,1,2,....n)......... [14] 


(x+dx,y+dy) 


Fie. 3 DraGraM OF DIFFERENTIAL SECTORIAL AREA USED 1N Com- 
PUTING TWISTING MOMENT 


Fig. 4 Drrection or ArounpD 


for the outer boundary (i = 0) and for each hole (i = 1, 2, ... n, 
the total number of holes being n). The outer boundary of the 
sand-heap model will coincide with the outer edge of the support- 
ing tray, and thus 


since the level of the tray is given by z = 0. 
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Using the formula 


we may compute the value of the twisting moment M as follows 


k k 
ff 
k k 
sinty—2* 


ady — ydz 
2 


in which 
dS = 


is a differential sectorial area as shown in Fig. 3. Since z = 0 is 
the level of the tray 


i zdzdy = volume of sand heap = Vo 


Furthermore, for each hole (hole number n) 


Gf 25 = ras as = 


=—h,S, 


in which the minus sign is a consequence of the clockwise (mathe- 
matically negative) circulation around each hole as shown in Fig. 
4. For the outer boundary, ho = 0 and the corresponding contour 
integral is zero; hence 

— 


™m 


k 
= (Vo + + + +h,S,) 
which concludes the analysis of the modified sand-heap analogy 
in the case of a cross section with multiple connections (a cross 
section with holes). Indeed, the result is equivalent to Equations 
[1] and [2]. 
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Solution of Problems of Elasticity 
by the Framework Method 


By A. HRENNIKOFF,' VANCOUVER, BRITISH COLUMBIA, CANADA 


Because of mathematical difficulties which make the 
solution of differential equations of the theory of elasticity 
impossible in many cases, the author has been impelled to 
seek some other method of approach than one of pure 
mathematical analysis. The method outlined in this 
paper is of this character and may with some qualifications 
be applied to problems of two-dimensional stress, bending 
of plates, bending of cylindrical shells, the general case of 
three-dimensional stress, and a great variety of others. 
Essentially, the method consists in replacing the continu- 
ous material of the elastic body being studied by a frame- 
work of bars arranged according to a definite pattern, the 
elements of which are endowed with elastic properties 
suitable to the type of problem. This framework is then 
analyzed, according to the procedure outlined in the paper 
for various types of elastic problems. Examples of the 
application of the principles involved are also given. 


N A great majority of cases, solution of differential equa- 
tions of the theory of elasticity is impossible owing to mathe- 
matical difficulties, and, even when integration can be 

performed, the results are often expressed in terms of slowly con- 
verging infinite series inconvenient for practical purposes. 
Therefore, discovery of methods other than those of pure mathe- 
matical analysis for solving problems of elasticity is desirable. 
The method outlined in this paper belongs to this category. It 
is applicable, with some qualifications, to a great variety of prob- 
lems including two-dimensional stress, bending of plates, bend- 
ing of cylindrical shells, and the general case of three-dimensional 
stress. 

The basic idea of the method consists in replacing the continu- 
ous material of the elastic body under investigation by a frame- 
work of bars, arranged according to a definite pattern, whose 
elements are endowed with elastic properties suitable to the type 
of the problem; in analyzing the framework and in spreading the 
bar stresses over the tributary areas in order to obtain stresses in 
the original solid body. The framework so formed is given the 
same external outline and the boundary restraints, and is sub- 
jected to the same loads as the solid body, the loads being all 
applied at the joints. 

It will be demonstrated presently that if the size of the pattern 
unit of such a framework is made infinitesimal the latter will pre- 
sent a complete mechanical model of the solid prototype, with 
identical displacements, strains, and unit stresses. Such infini- 
tesimal framework cannot however be solved except by means of 
the usual differential equations, in which case no advantage is 
gained by its introduction. 


1 Assistant Professor of Civil Engineering, University of British 
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It may be expected that a framework of the same pattern but 
of finite size of unit, although not being strictly equivalent to the 
solid body, will nevertheless closely resemble it in its mechanical 
behavior under stress. Calculations show the truth of this con- 
jecture and demonstrate the feasibility of the framework method. 
The framed structure substituted for the solid is solved by any of 
the conventional methods or, which is better, by the method of 
relaxations or successive movements. 

Although the framework method is not exact and, as will be 
seen later, is quite laborious, it permits solution of a number of 
problems in which formal mathematics fails. This constitutes 
its strongest point and forms justification for its introduction. 

The character of the pattern unit and the necessary elastic 
properties of its elements depend upon the problem. Two- 
dimensional stress requires a plane framework composed of bars 
offering elastic resistance to change in length. These bars may 
either be considered as articulated at the joints or else devoid of 
any flexural rigidity. Similar bars compose units appropriate to 
problems of three-dimensional stress, but the units themselves 
must be three-dimensional. Bending of plates requires a plane 
framework made of bars endowed with elastic resistance to bend- 
ing out of the plane of the plate, while their resistances to torsion, 
to change in length, and to bending in the plane of the framework 
arenil. Finally, units suitable to cylindrical shells must combine 
elastic qualities of the flexural and the plane-stress frameworks. 

Geometric shape of the unit in each of the classes of problems 
mentioned must be quite definite, although not unique. 

Before demonstrating the mechanical equivalence of an infini- 
tesimal framework of proper pattern to the solid prototype it is 
necessary to define the conception of unit stress in the framework, 
as distinct from stresses in individual bars. Let Fig. 1 represent 
a two-dimensional framework of an arbitrary pattern with the 
size of the unit a. Normal and tangential unit stresses on plane 
AA will be defined as 


=(P,) =(P.) 


where P, and P, are the z and y components of all the bar 
stresses on the infinitesimal length Az. In order that the values 
of the stresses be unique at the point in question, the size of the 
unit a must be conceived as an infinitesimal of an order higher 
than Az, otherwise stresses would depend upon inclusion or ex- 
clusion of the last bars which happen to be at the ends of the 
element Az. Definition of unit stress in an infinitesimal frame- 
work is thus made quite similar to that in solid material. Analo- 
gous definitions will be agreed upon for unit moments and shears 
in a flexural framework. 

When the relation of plane of stress to the framework pattern is 
such that the manner of cutting of bars repeats itself all along 
the plane (as for planes BB and CC in Fig. 1) then the repeating 
length \ may evidently be used instead of Az in Equation [1]. 

It is now possible to formulate the basic principle governing 
determination of the framework pattern. The necessary and 
sufficient condition for equivalence of infinitesimal framework and 
solid material is equality in deformability of the two, i.e., equality 
in distortions under all possible conditions of uniform stress, since 
deformability is the only physical feature determining the manner 
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of propagation of stress through the stressed medium from loads 
to reactions. Although this statement may be considered self- 
evident, its truth will become more apparent on close examination 
of differential equations of problems handled by the framework. 


PLANE STREss 


It will be recalled that, in problems of plane stress,? differential 
equations of the theory of elasticity, from which stresses are 
found, are of two kinds, i.e., of statics and of continuity or com- 
patibility.* The equations of statics are 


The equation of compatibility, expressed in terms of strains, is 


d%,  d%y, 
[3] 
dy* Oz? 


and in this form it merely represents a relation of geometry. 

Equations [2] and [3] hold for any solid material elastic or 
noneiastic; and, in view of the definition stated of unit stress in a 
framework, they are equally applicable to a framework of any 
conceivable pattern, as long as the size of the unit is of the second 
order of smallness compared to dz and dy. 

In order to solve these equations for homogeneous solid elastic 
material, strains in Equation [3] must be replaced by stresses, 
using the well-known law of deformability for such material 


in which z and y signify any two perpendicular directions, not 
necessarily the directions of coordinate axes. 
Relation between the tangential strain and stress 


is not an independent one, but follows from Equation [4]. 

Using Equations [4] and [5], Equation [3] becomes 

dy? 

The three stress Equations [2] and [6], in conjunction with the 
boundary conditions, determine fully the three unknown stress 
functions ¢,, ¢,, and r,,. 

Turning now to the framework replacing the solid plate, it may 
be seen that, if the pattern of this framework is so chosen that its 
deformability satisfies Equation [4], then Equation [6] will be 
equally applicable to the framework, and the state of stress in the 
latter, being subject to the same three differential equations, will 
be identical with the plate prototype, provided, of course, that the 


* The subject of plane stress by framework has been dealt with in a 
somewhat different and more restricted manner by the following 
authors: 

“Uber einen Grenziibergang der Elastizitatslehre und seine An- 
wendung auf die Statik hochgradig statisch unbestimmter Fach- 
werke,” by K. Wieghardt, Verhandlungen des Vereins z. Beférderung 
des Gewerbefleisses. Abhandlungen, vol. 85, 1906, pp. 139-176. 

“Betrage zur Lésung des ebenen Problem eines elastichen Kdrpers 
mittels der Airyschen Spannungsfunktion,” by W. Riedel, Zeit. far 
angewandte Mathematik und Mechanik, vol. 7, 1927, pp. 169-188; 
also discussion by C. Weber, Zeit. fir angewandte Mathematik und 
Mechanik, vol. 8, 1928, pp. 159-160. 

* “Theory of Elasticity,” by S. P. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934. 
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boundary conditions are the same. Deformability in accordance 
with Equation [4] is therefore the criterion of suitability of the 
framework pattern for representation of any problem of plane 
stress. Stated differently, the pattern must be such that the 
framework deforms identically with the plate in conditions of 
every possible uniform stress. 

It may be observed that, unlike homogeneous solid material, 
the framework, by virtue of its geometry, will necessarily have 
preferred directions. Its deformability, however, must be the 
same in all directions in spite of this geometric anisotropy. 


DETERMINING THE PATTERN 


Determination of the pattern consists in the assumption of a 
tentative form and in testing its suitability, deriving at the same 
time expressions for the values of the necessary pattern character- 
istics; such as, the cross-sectional areas of bars, and the angles 
between the bars. For reason of simplicity, only forms possessing 
two axes of symmetry have been investigated, and the symmetry 
axes have been used throughout for the coordinate axes. 

The law of elastic deformability of the framework with no pre- 
ferred direction may be conveniently stated in terms of the 
following three conditions, although other equivalent formula- 
tions are also possible: 

1 The framework is loaded uniformly with normal loads p per 
unit length on the z plane and up on the y plane. The resultant 
deformations should be the same as in the plate prototype. 
Strains in the framework ¢«, and ¢, are expressed in terms of 
characteristics and are equated to the corresponding strains in 
the plate, loaded with the same loads. The resultant equations 
are used for the derivation of expressions for characteristics in 
terms of a, u, and ¢, the latter being the thickness of the plate. 
These equations are 


2 Reversing the planes z and y, on which the loads p and yup 
are applied, two similar equations are produced 


Equation [c} is not an independent one but follows from Equation 
[b] by Betti’s reciprocal theorem. The second condition thus 
gives only one new expression, Equation [d]. It is clear that 
should the pattern be identical in the z and y directions, condition 
2 is superfluous. 

3 Uniform tangential load p per unit length is applied on the z 
and y planes, and the resultant shear deformation of the frame- 
work is 


2(1 + 


It will be realized that a proper combination of the three condi- 
tions just considered will reproduce any conceivable state of 
uniform stress, and, consequently, a framework, obeying the four 
Equations [a], [b], [d], and [e}, will satisfy the criterion of equiva- 
lence stated. 

From the number of independent equations involved in the 
three conditions, it follows that a framework pattern with two 
axes of symmetry z and y must in general possess four independent 
characteristics, in order to comply with the criterion, provided the 
geometry of the framework is different in the z and y directions. 
Should the properties of the pattern be the same in the two direc- 
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tions of axes, the number of necessary characteristics reduces to 
three, Equation [d] being superfluous. 

In patterns having more characteristics than necessary, the 
excess ones may be assigned at will. On the other hand, when a 
pattern is deficient in characteristics by one, conditions of de- 
formability may be satisfied only for one particular value of Pois- 
son’s ratio, which in this case plays the part of the missing charac- 
teristic. 

Several patterns have been investigated. 

A pattern consisting of isosceles triangles, Fig. 2, has three 
characteristics, the angle @ and the areas of vertical and inclined 
bars A and A;. The base of the triangle a is considered an arbi- 
trary infinitesimal quantity. Geometry of the framework is 
different in the z and y directions, and there is a deficiency of one 
characteristic. Application of the four equations developed gives 
the following results 


pate 


Thus, the triangles must be equilateral, and the pattern is good 
only for = 

The square pattern, Fig. 3, has the same properties in the direc- 
tions of both axes and possesses two characteristics, the areas A 
and A;. Thus, there is again a deficiency of one characteristic. 
This pattern also is suitable only for » = '/s, and the values of 
the areas come out 


The oblong rectangular pattern, Fig. 4, is also possible, and its 
members must have the following areas 
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The ratio of the sides k comes out arbitrary, and the only per- 
missible value of u for which the pattern is suitable is again '/;. 

Continuous recurrence of the figure '/;, in connection with 
frameworks of different patterns, has not been explained; its 
proximity to the actual value of Poisscn’s ratio for metals is 
interesting. 

Search for a pattern applicable to any arbitrary value of » 
has led to a square unit of the type shown in Fig. 5, differing from 
the square with simple intersecting diagonals only in the presence 
of auxiliary horizontal and vertical members of the length a/2 
and area A2, pinned to the diagonals at their quarter points. 
Deformability of this pattern must be computed on the basis of 
displacements of the main joints, i.e., the joints at the connections 
of the main horizontal and vertical members, and the loads must 
be assumed all to be applied at these joints. Expressions for the 
cross-sectional areas in this type of unit are as follows 


at at 3u—l1 


It may be seen that the previously discussed simple square 
pattern is a special case of the form now considered since for u = 
1/,, A, = 0, and the auxiliary members thus disappear. Terms A 
and A; are always positive, while A, may be either positive or 
negative. As u varies between its physically possible limits 1/, 
and zero, A; changes all the way from plus infinity through zero to 
—'/,(at). The negative sign of A; makes impossible construction 
of a physical model of the framework for values of » below 1/3, 
but it does not affect its applicability in calculations. 

It may be mentioned in passing that the cells of the pattern 
now considered may become structurally unstable under com- 
pressive stress, in view of the absence of elastic restraint to rota- 
tion of the central square about an axis perpendicular to the 
plane of the framework. This instability, however, does not 
affect the mathematical expressions for the bar stresses, which 
continue to be unique as long as the distortions are small. 
Mathematical suitability of the square pattern with auxiliary 
members is thus not impaired by instability. 

This completes the list of patterns of plane-stress framework 
which have been investigated. Other types are, of course, con- 
ceivable. 

It is necessary to point out that all the expressions for the areas 
of the framework elements thus given refer to interior regions. 
As to the marginal members, forming the boundary of the frame- 
work, their areas, in order to satisfy conditions of deformability, 
must be one half as great. This fact must not be forgotten 
when dealing with finite-cell frameworks in the solution of actual 
problems. 


Aa 


at... 


THREE-DIMENSIONAL FRAMEWORK 


Repeating the reasoning of the previous section, the truth of 
the criterion of suitability of infinitesimal framework as stated, 
may be easily demonstrated in application to the general problem 
of three-dimensional stress. Cells composing this framework 
must be three-dimensional and must consist of bars offering elas- 
tic resistance to change in length. 

Using cells arranged in patterns symmetrical about three mu- 
tually perpendicular coordinate planes, it will be found that 
proper deformability of such cells may be stated in terms of six 
stress conditions leading to nine independent equations for the 
determination of nine characteristics. Should the pattern be 
identical in the directions of the three axes, the number of these 
equations, and with them the number of necessary characteristics, 
would reduce to three. 
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ubie cells with all bars located in planes of the faces of the 
cubes, and arranged in each face, as in Fig. 5, belong to this cate- 
gory. Expressions for the areas of interior bars come out 


1 — 3u 1 
A= 
1 4u—1 
11 
— 8) 
Auxiliary bars with area A; disappear‘ when uw = 1/4. As to the 


marginal members, those belonging to the exterior faces, but not 
lying along the edges, must have their areas one half as great, 
while the edge bars, one quarter as great as the corresponding 
interior members. 


FLEXURAL FRAMEWORK 


Bars of plane framework, suitable for imitating the action of a 
plate prototype subjected to transverse bending, must be con- 
ceived as endowed with resistance to bending in the direction per- 
pendicular to the plate while being nonrigid for twist and for bend- 
ing in the other direction. The definition of shear and of 
bending and twisting moments per unit length of any section in 
such a framework is made analogous to that in the solid plate. 
The size of the unit a is again considered an infinitesimal of a 
higher order than dz and dy. 

With these provisions, the equation of statics derived for the 
solid plate® 


2M, _d*M,, dM, 
dz? dxdy dy? 
is equally applicable to the framework, irrespective of the pattern. 


Disregarding shear distortion, the law of bending deforma- 
bility of a plate may be stated in the form 


u, = +42) 4.2) (13] 


Here z and y are any two arbitrary perpendicular directions on 
the plate, not necessarily the directions of the coordinate axes; 
r, andr, = radii of curvature of the bent plate; w = deflection, 


[12] 


3 
and D = a while A is the thickness of the plate. Ex- 
12(1 — yu?) 
pression for the torsional moment 


is not an independent one but follows from Equation [13]. 
Substitution of Equations [13] and [14] into Equation [12] 
gives the well-known equation for small deflection of the plate 


dw og 


Returning now to the flexural framework, it may be observed 
that, if its deformability is made the same as that of the plate, 
Equation [15] will equally apply to it, and, in conjunction with 
proper boundary conditions, will result in the same values of de- 
flection, and therefore, in the same values of shears and moments 
as in the plate. Equality in deformability for bending in any 


‘Compare with Poisson’s deduction of the value of u4 = '/¢ for 
isotropic materials: 

“A Treatise on the Mathematical Theory of Elasticity,” by 
A. E. H. Love, fourth edition, Cambridge University Press, London, 
England, 1927, p. 13. 

“Theory of Plates and Shells,” by S. P. Timoshenko, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1940. 
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direction on the plate is thus the criterion of suitability of the 
flexural framework for problems of bending of plates. 

Calling z and y the axes of symmetry of the framework, the 
latter must deform properly under the following three conditions: 


1 Pure bending in the z direction, while remaining straight in 
the y direction. 

2 Same with directions x and y reversed. 

3 Pure torsion on the z and y planes. 


Since superposition of these conditions will reproduce bending 
in any direction in relation to the axes of symmetry, compliance 
with these requirements will insure proper deformability of the 
pattern under any circumstances. 

As in plane stress, these three conditions give rise to four 
equations from which the expressions for characteristics of the 
pattern may be easily determined. Patterns with properties 
different in the z and y directions must in general possess at least 
four characteristics in order to reproduce the action of the plate 
with any arbitrary 4, while patterns with three characteristics 
prove satisfactory only for one particular value of 4. In patterns 
with the same properties in the z and y directions, the number of 
necessary characteristics is one less than just stated. 

The two square patterns used in the plane-stress framework, 
shown in Figs. 3 and 5, have also been tried for flexural frame- 
work, Evidencing a close analogy with plane stress, the simpler 
of these two patterns is found suitable only for plates with » = 
1/3, while the more complicated one is applicable to any u. The 
values of characteristics of the latter, i.e., the moments of inertia, 
respectively, of the main horizontal and vertical, diagonal and 
auxiliary members come out 


ah ah? 


3u — 1 ah* 
141+) 


(1+ 4)(1—2u) 24 


Auxiliary members again disappear for u» = 1/3. 
members should be one half as rigid as the interior ones. 


Marginal 


CYLINDRICAL SHELLS 


It is easy to see that if members of frameworks of the two square 
patterns just considered are endowed with combined elastic prop- 
erties of the flexural and plane-stress frameworks, they will be 
suitable for stress conditions present in cylindrical shells, taking 
care of both the membrane and the bending stresses. 

_ As long as the size of the unit a is infinitesimal, the cross-sec- 
tional areas of the members and their moments of inertia for 
bending in a radial direction are expressed by Equations [10] and 
[16]. A complication arises, however, when the units become 
finite, owing to the fact that in this case the framework arranges 
itself in a polygonal surface inscribed into the cylindrical surface 
of the shell. Each member parallel to the generators of the 
cylinder, such as m, in Fig. 6, may be considered as a combination 
of two marginal members belonging to two adjacent units 1 and 2, 
whose planes are inclined to each other at an angle 2¢. Con- 
sideration of flexure of such member shows that it must be en- 
dowed with moments of inertia 


12(1 + u) 12(1 + 
for bending in the radial and in the tangential directions, respec- 


tively. All other flexural and extensional rigidities must remain 
as stated. 


cos* yg, and]’ = sin? g.... [17] 


ANALYSIS OF FRAMEWORK STRESSES 


The technique of determining stresses in plane stress and flex- 
ural frameworks of square pattern has been developed in con- 
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HRENNIKOFF—-SOLUTION OF PROBLEMS OF ELASTICITY BY THE FRAMEWORK METHOD 


siderable detail in a thesis* by the author from which this paper is 
extracted, but only preliminary investigations have been made on 
other frameworks. Just a brief outline of the method of solution 
will be given here in the hope of discussing this subject more 
fully in a later paper. 

The framework replacing the solid in any of the problems men- 
tioned is a structure highly statically indeterminate. The most 


- expedient method of its analysis is an adaptation of the moment- 


distribution method of Prof. Hardy Cross,’ and consists in apply- 
ing to joints successive movements by means of which each joint 
approaches closer and closer the state of equilibrium with respect 
to moments and forces in all directions. Although elimination 
of one kind of unbalance causes other unbalances elsewhere or at 
the same joint, the new ones, as a rule, grow smaller, and the 
stress functions gradually converge. Nevertheless, the method 
is quite laborious, and the amount of labor depends upon the 
problem; it is greatly influenced by the total number of joints 
present and by the number of degrees of freedom at each joint. 

In a plane-stress framework, a joint can move along two axes, 
i.e., it has two degrees of freedom, while in a three-dimensional 
framework it possesses three degrees of freedom. Joints of 
flexural framework also have three degrees of freedom, two 
rotational and one transverse movement, while in a shell six 
movements, i.e., three rotations and three displacements, are 
possible. Joints partially restrained have a smaller number of 
degrees of freedom. 

A feature highly favorable to the method of successive move- 
ments is uniformity of pattern throughout the structure. The 
basis for distribution procedure is a set of the so-called distribu- 
tion factors, which are the stresses in various members caused by 
movement of one of the main joints, while the adjacent main 
joints remain fixed. Fig. 7 represents such a set in a square-type 
plane-stress framework with » = '/;, when joint A moves verti- 
cally up. Figures on the diagonals, !/,, represent not the stresses 
themselves but their vertical or horizontal components, while 
figures at the joints give the unbalanced-joint forces caused by 
the movement, the magnitude of which is not stated as imma- 
terial. Distribution factors of marginal members are only one 
half as large as those of the interior ones. 

Distribution factors for other values of « differ from those in 
Fig. 7, only in numerical values, since the auxiliary members, 
while affecting the values of distribution factors, do not them- 
selves enter the distribution. 

The actual solution of a problem takes the form of a diagram of 
the framework with a current record of stresses in various mem- 
bers and of forces remaining unbalanced at all main joints at each 
stage of the distribution. Fig. 10 represents such an analysis on 
the example of a two-unit framework. The original unbalanced 
forces are stated in the circles at the joints, while the forces still 
remaining unbalanced after six distributions, i.e., after six move- 
ments of individual joints or groups of joints, are shown by dotted 
arrows. The bar stresses belonging to the same distribution are 
identified by the same mark, such as a dot or a cross. More 
movements are needed for further reduction of unbalanced joint 
forces. 

In a flexural framework, two kinds of movements of joints are 
necessary for bringing the system in equilibrium; rotations about 
coordinate axes and transverse displacements. Equilibrium of a 
joint requires balance of three functions, namely, of two moments 
acting about coordinate axes and of transverse shear. There are 


‘“Plane Stress and Bending of Plates by Method of Articulated 
Framework,” thesis presented at Massachusetts Institute of Tech- 
nology in 1940 in partial fulfillment of requirements for the degree of 
Doctor of Science in Civil Engineering. 

* “Continuous Frames of Reinforced Concrete,” by H. Cross and 
N. D. Morgan, John Wiley and Sons, Inc., New York, N. Y., 1932. 
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accordingly in a square flexural framework four sets of distribu- 
tion factors: Rotational-moment factors, which are the mo- 
ments in various members at the main joints, brought about by 
unit rotation of one of the joints while the adjacent joints do not 
move; rotational-shear factors; displacement-moment factors; 
and displacement-shear factors, the meaning of the last three be- 
ing apparent. 

Distribution factors, corresponding to cylindrical shells, are 
numerous, but it appears that the movements, which are of the 
greatest influence on equilibrium of interior joints, are the radial 
and tangential displacements. 

The labor of computation of the framework may often be re- 
duced by application of the principle of symmetry. Thus, a prob- 
lem involving a rectangular framework structure, acted upon by 
any kind of loading, may usually be broken up into four cases 
with symmetrical and antisymmetrical loadings, in which each 
quadrant of the structure behaves similarly to any other, so that 
each case reduces to stress analysis of a quadrant of the original 
framework. 

In order to find stresses in the solid prototype, the bar stresses 
meeting at each joint must be combined into joint concentrations, 
and the latter spread over the tributary areas in some simple 
manner compatible with statics; for example, by assuming line- 
arity of stress diagram between the adjacent joints. 

Comparison of the results obtained by the framework with 
elasticity solutions has been gratifying but not conclusive in view 
of the small number of cases compared. 

A thin uniformly loaded beam with a ratio of depth to span 
length 3 to 4, Fig. 11, has been solved using a 6 by 8 square- 
pattern framework, first with u = 1/; (see Appendix 2), and then 
with » = 0. The error in a great majority of the normal and 
shearing stresses has been under 4 per cent in the first case and 
under 7 per cent in the second. 

A square plate fully clamped at the edges and bearing a concen- 
trated transverse load at the center® has been solved by a flexural 
8 by 8 framework with » = '/3. Agreement with elasticity has 
been nearly perfect in deflections and fair in bending moments, 
which, only at a few points, have been as much as 10 per cent in 
error. A greater error, however, has been noticed in torsional 
moments. Even with that, the framework solution has been 
found more accurate than the solution by difference equations 
proposed by H. Marcus.® 

If the units are made smaller, other things remaining the same, 
precision of the framework method increases approximately in in- 
verse proportion to the size of the unit, but the labor of computa- 
tion grows even faster. 


CONCLUSION 


The main advantage of the method is its applicability to a wide 
range of problems unsolved by formal mathematics, particularly 
to problems of plane stress and bending of plates, for which the 
feasibility of the method has been demonstrated. The manner 
of application of forces and the character of the boundary re- 
straints, circumstances which often prove the undoing of the 
mathematical method, do not, as a rule, make much difference for 
the framework, as long as the body under investigation can be 
built up of units of the accepted pattern, and the loads can be 
applied without much error at the framework joints. 

In plane-stress problems with loads applied within the plate, 
the state of stress depends upon the value of u. In such problems, 


8 “Bending of Rectangular Plates With Clamped Edges,”’ by S. P. 
Timoshenko, Proceedings, Fifth International Congress for Applied 
Mechanics, Cambridge, Mass., 1938, pp. 40-43. 

*“Die Theorie elastischer Gewebe und ihre Anwendung auf die 
Berechnung biegsamer Platten,” by H. Marcus, Julius Springer, 
Berlin, 1924. 
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the framework method, by virtue of its applicability to any value 
of Poisson’s ratio, has advantage over the photoelastic method 
whose results are limited to the value of u of the model, which is 
much larger than the value of » of the materials used in engineer- 
ing construction. 

The main disadvantage of the framework method is the great 
amount of labor of computation and the impossibility of finding 
maximum stresses without solving the entire framework. 


Appendix 1 


DETERMINATION OF CHARACTERISTICS OF PLANE-STRESS FRAME- 
WORK OF SIMPLE SQUARE PATTERN 


This appendix will serve to illustrate the application of the 
general method for the determination of the pattern character- 
istics to the specific example of the simple square type. 

First Condition. The framework is loaded with horizontal 
forces pa per joint and vertical forces wpa per joint, Fig. 3. The 
symbols for the areas and the stresses in different members are 
stated in Fig. 3, opposite the corresponding members. 

Since the framework has no vertical extension S, = 0. 


From the vertical equilibrium of an outside joint S; = VR 


and from the horizontal equilibrium of an outside joint S + V 2S; 
= paorS = (1 —u)pa. 
The horizontal strain in the framework therefore is 


The unit strain along the diagonal is 


The strain ¢,, although being zero, is also a function of e, and «, 
and may be expressed through them. For a unit remaining rec- 
tangular after the deformation b? = /*? — a*, where a, b, and / are 
the lengths of the horizontal, vertical, and diagonal members, 
respectively. Differentiating this expression: bdb = ldl — ada. 
Substituting da = «,a, db = ¢,b = ¢a.and dl = le, = V/2 ae, the 
following expression results after the cancellation 

ty = —e,....- 
This equation, on substitution of the values of ¢e, and ¢; leads 


to the expression 
_ 


A 


Equating ¢, and ¢, to the corresponding strains in the similarly 
loaded plate, the following two equations are produced for deter- 
mining the characteristics A and A; 


(1—x)pa _ (L—»?)p 
AE 
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and 
E A, A Vee eee 
From these equations 
at 
and 
Ay = V2 (al)... [p] 


Second Condition. In the case when tangential loads pa are 
applied at the outside joints, as shown in Fig. 8, all horizontal and 
vertical bars are unstressed, which follows from symmetry, while 
all the diagonals are stressed with equal tensions and compressions 


S, = Vii and consequently, are changed in length by the amount 


which transforms each square into a rhombus, Fig. 9. 
The shear strain in the framework y,,, is found from 


V2 2 aV2 
tan ; [u] 
V2 2 aV2 


tan tan 1 
tan = 


i+ 
4 Q 


Equations [u] and [¢] give 


_5V2_ 


a A\E 


Yzy 


Equating this expression for y,, to the shear strain of the plate 
gives the third framework equation 


pa V2 20. + 


tE 
from which 
at 
V/2 (1 + [w] 
Term A; can satisfy the Equations [w] and [p] only if 
at 


V2(1 +») 1 at, from which = Therefore, from 
Equations [n] and |p] 
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Appendix 2 
BENDING or WipE BEAM ANALYZED BY FRAMEWORK METHOD 


The framework method has been applied to the bending of a 
wide beam rectangular in cross section, Fig. 11, loaded with 
a uniformly distributed load and supported by shears at the ends, 
a problem whose rigorous elasticity solution is known.” The end 
shears are assumed to be distributed by the law of the parabola, 
Fig. 12, as demanded by the theory, and the uniform load is 
applied equally at the top and at the bottom. There are also 
normal stresses at the ends following the law of the cubic parabola, 
Fig. 13, whose static effect is zero; they are necessary for a 
rigorous solution. The loading is manifestly symmetrical about 
the yy axis and antisymmetrical about the zz axis, therefore, only 
one quarter of the beam need be considered, since the other three 
quarters behave similarly. The ratio of span to depth has been 
taken 4:3 and the thickness of the beam = unity. 

Expressions for the stresses o,, o,, and 1,,, given by Timo- 
shenko” require only a trivial modification to be applicable to 
the case considered. Their independence of the value of Pois- 
son’s ratio makes the use of the framework of simple square pat- 
tern permissible. 

Fig. 14 shows the setup of the framework problem, representing 
one quarter of the beam in the form of a 3 by 4 framework, with 
the acting loads applied at the edges y = 3a and z = 4a. These 
loads have been determined by summation of the corresponding 
tributary load areas (Figs. 12 and 13), preserving at the same time 
the total static effect. From conditions of the problem, it may 
be seen that all joints located on the z and y axes are restrained 
from moving in the z direction by unknown horizontal forces. 

The actual record of distribution of the unbalanced joint forces 
is not given, but the procedure follows closely the example of Fig. 
10. The results of the distribution are presented in Fig. 15, 
wherein the figures on the diagonals refer to horizontal or vertical 
components of stresses in these members, and the figures on other 
members give full values of their stresses. The unit stresses in 
the plate prototype found from the framework stresses are 
tabulated in the diagrams of Figs. 16, 17, and 18, alongside the 
values found by elasticity, and they refer to locations marked 
with crosses; percentage errors are also stated. 
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Lateral Buckling of I-Section Column With 
Eccentric End Loads in Plane of the Web 


By BRUCE JOHNSTON,' BETHLEHEM, PA. 


When a relatively slender column of the symmetrical I 
or WF shape is loaded eccentrically in the plane of the 
web by longitudinal end loads it may fail by elastic in- 
stability involving a combination of lateral bending and 
twisting. Timoshenko has shown that in the case of the 
solid rectangle a considerable end eccentricity causes 
the critical buckling load to be only slightly less than the 
Euler critical load for the same strip loaded axially. The 
corresponding solution for the WF or I-column, presented 
herein, shows that relatively small eccentricities of the 
longitudinal end load applied in the plane of the web 
cause a large falling off from the Euler critical load. 

For the ideally straight column, with a material per- 
fectly elastic up to the yield point, there would be a critical 
l/r ratio for any given eccentricity, column length, and 
material. Below this critical ratio the column would 
fail by yielding, according to the secant or eccentricity 
formula. Above the critical ratio the failure would be by 
elastic instability with respect to lateral bending and 
twisting. 

Application of the equations is made to two structural 
wide-flange sections, of light and medium weight, and the 
results are presented in the form of diagrams. 


column, under the various positions of loading shown in 

Fig. 1, will be reviewed briefly and particular attention 
given to loading position 3. Application of the results is made to 
some structural-steel sections, and the limits are indicated within 
which the usual secant formula for eccentrically loaded columns 
may be expected to apply. 

In all of the cases to be discussed it is assumed that the cross- 
sectional dimensions of the column are sufficiently thick to main- 
tain the shape and prevent local buckling in the elastic range. It 
is noted that the torsional properties of the section may affect the 
behavior in load positions 1, 3, and 4. 


tom behavior of the ideally straight and uniform I-section 


I-Section UnperR Axtat Loap: Position 1 


A brief discussion of the axial-load condition is introduced for 
completeness. The problem is one of pure stability, and the 
critical buckling stress for integral failure is given by the modified 
Euler formula developed by Considére, Engesser, von Kd4rmaén, 
and others 


1 Associate Director of the Fritz Engineering Laboratory, and 
Associate Professor of Civil Engineering, Lehigh University, Bethle- 
hem, Pa. 

Presented at the National Meeting of the Applied Mechanics 
Division of THe American Society OF MECHANICAL ENGINEERS 
held in cooperation with the Committee on Applied Mechanics of the 
Structural Division of the American Society of Civil Engineers, 
Philadelphia, Pa., June 20-21, 1941. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1942, for publication at a later date. Discussion 
received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


where 

Oo = average compressive stress at buckling load 

E = effective modulus, equivalent to E below proportional 
limit, but modified by shape of cross section and stress- 
strain relations above proportional limit (1)? 

ly = equivalent pin-ended length 

r = radius of gyration 


The axially loaded I-section column also has a tendency to 
buckle by twisting on its own axis. In the case of thin-wall sec- 
tions of certain cross section and length, twisting buckling may 
occur at lower loads than the bending or Euler buckling. This 
type of buckling is important in 
aircraft construction and has ©) 
been studied in general by Wag- 
ner (2) and Kappus (3) and for ” 
the I-section in particular by 
Lundquist (4). The critical 
twisting-buckling load for the «i 
centrally loaded I-section column 
may be written in terms of prop- 
erties given in some handbooks 
on structural sections (8). 


GJ + 4L,* 
I, + 1, 


Ce 


where 
J = torsion constant (polar 
moment of inertia for 
circular sections) 
G effective shearing modulus 
I, = moment of inertia about ; | 
principal axis in plane of 
web 
moment of inertia abdut 
principal axis normal to 
plane of web ~ @ 
h = distance between flange 
centroids 


Fig. 1 Varrous Loap Post- 
TIONS APPLIED TO I-SEcTION 
The critical buckling stresses CoLuMNs 

by Equation [2] for structural- 

steel wide-flange sections are usually considerably above the 
yield point but in some of the lightest-weight sections the critical 
stress is only slightly above the yield point for structural steel. 
Such sections should be investigated for torsional buckling if 
made of high-yield-point alloy steels. 


Tue Torsion CoNsTANT 
The torsion constant J appears in Equation [2] and in the solu- 


? Numbers in parentheses refer to the References at the end of 


the paper. 
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JOHNSTON—LATERAL BUCKLING OF I-SECTION COLUMN WITH ECCENTRIC END LOADS 


tion to be discussed for load positions 3. The torsion constant J 
of a narrow rectangular strip of thickness ¢t and breadth ) is given 
by (5) 


3 


The approximate torsion constant of the open structural section 
may be built up as the summation of the J values as given by 
Equation [3] for the component rectangular elements. The cor- 
rect J values will be somewhat larger, and the author has evalu- 
ated correctioas by means of soap-film tests which permit ac- 
curate calculation of the torsion constant of the structural I-beam 
and wide-flange sections (6, 7), including the effect of variable 
flange thickness and fillets. The results have been verified experi- 
mentally (7), and were used to evaluate the handbook (8) values. 


Tue I-Section EccEntTRICALLY LOADED IN PosITION 2 


The behavior of the column eccentrically loaded in position 2 
is not one of pure buckling. The limiting Euler load can never 
be reached, but the column will bend more and more in its weak- 
est direction until it is no longer useful, either because of local 
yielding or excessive deflection. For materials with a linear 
stress-strain relationship, the secant formula gives the relation- 
ship between average axial stress and the maximum stress due to 
combined direct load and bending, based on the usual assump- 
tions for bending with small deflections 


Tmax 
2r E 


P 
o = average stress = ~ 


A 


= 
where 


eccentricity 


S 
A where S = section modulus 


= “eccentricity ratio” 


length of column 
radius of gyration 


@ia 


Salmon (9) credits the first derivation of the “eccentricity” or 
“secant” formula to H. Scheffler in the year 1858. For materials 
with a linear or nearly linear stress-strain relationship up to the 
yield point, the formula may be used to determine the average 
stress at which the yield-point stress is reached, and a safe pro- 
portion of this average stress may be used as the working load. 


I-Section LOADED IN PosiTION 3 


When an ideally straight and uniform column of the sym- 
metrical I- or WF-shape is loaded eccentrically in the plane of 
the web by longitudinal end loads as in position 3, it may fail 
by elastic instability, involving a combination of lateral bending 
and twisting. In such a case, the secant formula may not be used 
as a design criterion. 

8. Timoshenko (10) has presented a method for evaluating the 
lateral buckling of I-section beams under various types of load- 
ing; in particular, the I-beam subjected to pure bending in the 
plane of the web. Timoshenko (10) also presents the solution 
for the lateral buckling of the rectangular cross section loaded by 
eccentric end loads, applied in the plane of the center line of the 
long axis. In the case of the rectangle it is shown that con- 
siderable end eccentricity causes the critical buckling load to fall 
but little below the Euler critical load for the same strip loaded 
axially, 
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The corresponding solution for the I-column, herein presented, 
shows that relatively small eccentricities of longitudinal end load 
applied in the plane of the web cause a large falling off from the 
Euler critical load. The relative difference in the behavior of the 
rectangular cross section and the I-beam cross section is due to 
the respective differences in the ratios between the torsional and 
bending stiffnesses of these cross sections. In the case of the nar- 
row rectangle, the torsional stiffness is numerically about 1.5 
times as great as the lateral bending stiffness, whereas, conversely, 
in the case of the structural shape, the lateral bending stiffness is 
relatively much greater than the torsional stiffness, ranging from 
15 times as great for deep narrow I-beams to as much as 120 
times as great for broad wide-flange (WF) sections. 


NOMENCLATURE 


The following nomenclature is in addition to that previously 
cited: 


Z,y,2 = coordinate axes 
u, ¥, w = corresponding displacements 
8 = angle of rotation 
P = load 
M = moment 
e = eccentricity of load at end 


B, = EI, = lateral bending stiffness factor 
C = JG = torsional stiffness factor 


h .|B 
= torsion-bending constant for I-beams with 


free warping of flanges restricted? 


ra? 2x*B, 


C 
De? 


Before discussing the I-section loaded in position 3, Timo- 
shenko’s solution for the rectangle will be briefly reviewed and the 
results presented in a somewhat different form. : 

Timoshenko (10) shows for this loading that the differential 
equations of the buckled rectangular strip, involving lateral 
bending and twisting, respectively, are 


du 
Bi = — u) 
dg du 
C 


The strip is assumed as free to rotate in the zz and yz planes at 
each end, but is held against twisting at both ends. 
By eliminating 8 between these equations the following is ob- 


tained 
P%e2 P | du 


Integrating Equation [6], it is found that the smallest value of 
P which will hold the strip in its buckled position is given by 


If e becomes very large while Pe remains constant, the solution 
for pure bending is obtained 


M,, = Pe =~ VBC [8] 


3 Reference (8), “Structural Shapes.” 
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If e becomes zero in Equation [7], the Euler load is the result 


The solution of Equation [7] as a quadratic, using only the 
positive result, may be written conveniently as follows 


Equation [10] may be used for any value of eccentricity e. The 
application of Equation [10] to the I-beam or WF-section will 
give results that are too low because of the relative increase in 


B 
the ratio of 4 for such sections. 


Timoshenko shows that for relatively large eccentricities the 
critical load for the rectangular strip falls but little below the 
Euler critical load. For example, when e = 0.11 the critical load 
is about 6 per cent smaller than that given by Euler’s formula. 
Such is not the case for the I-section, however, and relatively 
small eccentricities cause a large falling off from the Euler load. 

The twist of the I-beam in “‘pure torsion” with flanges free to 
warp longitudinally is expressed by the following 


where M, = twisting moment. 
Timoshenko (10) shows that, when longitudinal warping of 
the flanges is restricted, lateral shears due to bending of the 


Fie. 2 LATERALLY Buckiep I-Bream WitTH Eccentric Enp Loaps 
IN PLANE OF WEB 


flanges are set up. The torsional moment is then expressed 
satisfactorily by the following 


Bik ate 
dz 4 dz 


The bending stiffness of one flange is taken as very nearly equal 
to B,/2. 

The buckled condition of the I-beam or WF-section for load 
position 3 is shown in Fig. 2. The differential equations for this 
equilibrium condition (similar to Equation [5] for the rectangle) 
must now include the flange-bending effect as in Equation [12] 
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B, a = — u) 
Byh? du 


dz dz 


In Equations [13] it is assumed that v displacements are in- 
appreciable in comparison with end eccentricity e. Equations 
[13] may be combined into the following by eliminating £ as a 


variable 
P \ P%e? \ du 


P%e3 
), A; (2 + 


In terms of the constants N; and N3, the integration of Equation 
[14] may be written 


u = D, + Dz cosh + Ds; sinh + Dy cosh Nez 
Ds sinh Nu 


D,, Dy, Ds, D4, and D, are constants of integration to be evaluated 
by end conditions. 

Case A. Assume that the column is free to rotate in the zz 
and yz planes at each end but that twisting of the ends about the 
z axis is prevented. The deflection u and the lateral bending mo- 


ment (2, **) will be zero at each end. The flanges are free to 


B,h d*8 
warp at the ends so the local bending in each flange 7 on also 
equals zero at each end. The following end conditions may 


therefore be used: 
(1) u =Oforz =0 
(2) 


= Oforz = 0 


d 
dz 
dz? 


(3) 

(4) u 

From conditions 1, 2, and 3 

(1) 0=D+D+ Ds 

(2) O = D.N,? + DN? 


2 
(3) 0 =D, (2 
Pe e 


= OQOforz = 


= QO forz = 


From 2 and 3, since N,;? # N;?, D, = D, = 0 therefore D, = 0 
Equation [15] is now reduced to 


u = Dssinh Niz + Ds sinh Nez 
Substituting end conditions 4 and 5 into Equation [16] 


0 = D; sinh Nl oa Ds sinh Nil 
0 = D;N,* sinh Nil + sinh 


4 
— 

| 

where Ry [10] 
R, = — and 
let 
{ 
4 

4 
4 
Y 

\ » forz =0 
M,...... B 


JOHNSTON—LATERAL BUCKLING OF I-SECTION COLUMN WITH ECCENTRIC END LOADS 


Again, since N,* 
sinh N,l sinh N,l = 0 


or substituting N, and N, in terms of A; and A; 
A 1 
y-4 +i =0 


since the sinh term is always greater than zero, the sine term must 
equal zero. The lowest value of the sine term to give zero is z, 
resulting in the following equation which determines the critical 
buckling load 


or, squaring both sides, and substituting for A; and A; 


[18] 
2B, 2a? 2 YB, Bat at BCa 


When e = 0 Equation [18] reduces to the Euler load for the pin- 
ended column 


P, = 

12 
When e approaches © as Pe remains constant, Equation [18] 
reduces to the case of pure bending 


rq? 


M, = Pe =~ VBC 


Equation [19] is identical to that derived by Timoshenko for 
pure bending.‘ 

_ Equation [18] may be solved directly as a quadratic for the 
positive value of P., for any eccentricity of load 


P, = R + ra( + (l + ro [20] 


where 


2n*B 1 


When R; is placed equal to zero in Equation [20], the solution 
reduces to that for the rectangle, as given by Equation [10]. 
Case B. Assume that the column is fixed against lateral rota- 
tion in the zz plane at each end, free to rotate in the yz plane, 
and held against twisting at each end as before. 
The end conditions in this case are as follows: 


(1) u =Oforz =0 


du 


= Oforz = 0 


(2) 


B, 
Ghes «0 —— 


dz 

d 1 du 
dz Pe dz’ e dz 
u 

du 

dz 


e dz 


(3) 
(4) 


= Qforz 


= Oforz =1 


* Reference (10), Equation 159, p. 261. 
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The solution follows along the same lines as for case A and the 
result is finally found to be 


Pa = Ri | + + + — (1+ sn, | [21] 


When e = 0 the critical load for fixed ends is obtained 


When e approaches ~ as Pe is held constant, the equation for 
pure bending is obtained 


B,C 
l 


It should be noted that Equations [21] and [23] may be ob- 
tained directly from the corresponding Equations [20] and [19] 
for pin ends, by the substitution of a reduced length 1/2 for 1. 

After studying the foregoing problem the author distributed 
an abstract, including Equation [20], to several engineers. Mr. 
H. N. Hill, research structural engineer of the Aluminum Com- 
pany of America, pointed out that both Equation [7] and Equa- 
tion [18] agree with the following relationship 

M? P 24 
Me + P, [24] 

In Equation [24], Mer is the critical moment for lateral buck- 
ling of either the rectangle or I-section (Equation [8] or [19]) 
for pure moment, and P., is the Euler critical load for buckling 
in the weak direction. Equation [24] may be solved for M 


M., = Pe= 


Equation [25] gives the end bending moment which will cause 
instability when added to a strut loaded axially with load P. 
Equation [25] is the basis of design criteria for this problem. 

Figs. 3 and 4 show the application of Equation [20] to light- 
and medium-weight 14-in. wide-flange structural sections, some 
of the properties* of which are given in Table 1. 


TABLE 1 PROPERTIES OF WIDE-FLANGE STRUCTURAL 
SECTIONS 
Torsion constants Radii of gyration 
General Weight, ~ A 
dimensions, Area, Ilbper J a Maxi- Mini- 
in. sq in. t (in.4) (in.) mum mum 
14X 63/4 8.81 30 0.41 70.93 5.73 1.41 
14 X 12 24.71 84 4.48 76.66 6.13 3.02 


The calculations in Figs. 3 and 4 were developed for various 
eccentricity ratios e/s and various slenderness ratios l/r. The 
eccentricity ratio e/s is the ratio between end eccentricity of load 
and the kern distance. 


In Fig. 3 the critical stress («. = a) by Equation [20], for 


ends free to rotate, is plotted against the slenderness ratio in the 
weak direction, and comparison is made with the Euler curve. 
In Fig. 4 the same critical stresses are plotted against the slender- 
ness ratio in the strong plane. Also plotted in Fig. 4 are average 
stresses (a2), at which the maximum stress would reach the mini- 
mum specification yield-point stress value of 33 kips per sq in. 
for structural steel, as calculated by the secant formula 


33 


e l 
1 
+ feet 


5 Reference (8), ‘Structural Aluminum Handbook,” p. 58. 
Reference (8), “Structural Shapes.”’ 


= 


~ 
a 
7 
M = My — (25) 
j cr : 
q Sb 
xia? 
4 
: 
4 


In 
ic) 


T 
| 
| 
S 


Ocr in Kips perS 


wees LV 


| 
| 


| 
| 


\4w30 


80. 100 120 140 To) 180.200 220. 240 
Rotio '/- ~ Normal to Plane of Web 
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Fic. 4 AvERAGE StTREss AT YIELDING OR LATERAL BUCKLING FOR 
Two WipE-FLANGE SEcTIONS 


The curves in Fig. 4 indicate for various eccentricity ratios the 
relative ranges of column slenderness in which inelastic failure or 
elastic instability would occur for the two steel shapes which were 
considered, assuming a linear stress-strain relationship. 

It should be noted that the foregoing solution neglects the addi- 
tional moment due to v displacements in the yz plane. An ap- 
proximate correction which will be on the safe side may be made 
as follows: 


1 Calculate the critical load by Equation [20]. 
2 Calculate approximate additional deflection’ at the center 


as follows 
2r YE 


r in this case is the maximum radius of gyration, about the z- 
axis. 


7 Reference (10), p. 13. 
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3 Recalculate critical load for lateral buckling using e + 4 in 
place of e. 


The foregoing would result in an “overcorrection” and the 
actual critical load would be between the uncorrected and the 
corrected values. In the case of the 14-in. WF at 84, with a 
maximum moment of inertia only about 4 times the minimum, 
the correction is appreciable and is shown by the dashed lines in 
Figs. 3 and 4. The actual buckling load would lie in the shaded 
area between the dashed and solid lines. In the case of the 14-in. 
WF at 30, with a maximum moment of inertia 16 times the mini- 
mum, the correction is negligible. 


Tue I-Section CoLuMN EccENTRICALLY LOADED IN PosirTIon 4 


Load position 4 in Fig. 1 represents the most general case 
with the thrust line in neither principal plane of the I-section. 
The maximum stress in such a case is sometimes calculated by 
resolving the end moment into the components in the principal 
planes and superposing the results given by the secant formula 
for the stress due to each effect. Such a procedure neglects direct 
stresses due to torsion which in the case of torsionally weak I- 
sections may amount to more than that added by the direct de- 
flections considered by the secant formula, 

The author has made an approximate solution of this problem 
to verify the foregoing conclusions; however, the results are not 
considered to be necessary in this paper. 


CONCLUSION 


In conclusion, it is well to ask: ‘Just what is the structural 
significance of the types of behavior which have been discussed?”’ 
Real columns are not ideally straight and the end conditions are 
rarely as simple as those tested herein. The actual column is 
usually framed as an integral part of a structure, in which case 
the eccentricities introduced through frame action will not 
remain constant, but usually will reduce for loads below the 
pin-ended Euler load. Nevertheless the study of certain funda- 
mental types of structural behavior may lead to a better under- 
standing of what may happen in a structure, and thereby result 
in improved procedures of structural design. 
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Discussion 


Critical-Speed Behavior of 
Unsymmetrical Shafts’ 


B. L. Newkirk.? Few achievements of recent years compare 
in economic importance and theoretical interest from the point of 
view of applied mechanics with the development of large two-pole 
generators running above their critical speeds. Petrovsky’s re- 
ports, covering the theory of the unsymmetrical rotor, offer as 
complete and satisfactory a solution of the problem as one could 
expect to find in a theoretical treatment. 

The author has confirmed and extended Petrovsky’s work by a 
well-considered program of tests of a rotor large enough to give 
quantitatively significant results. He gives curves which show 
the features of the critical-speed behavior of unsymmetrical ro- 
tors, and he has developed an equilibrium-diagram method of ap- 
proach which should appeal to many engineers who would not be 
interested in any method involving differential equations. 

There seems to be little to suggest at the moment for further 
study of this problem. The large two-pole generators have not 
developed serious troubles due to dissymmetry. It would cer- 
tainly be interesting, however, and perhaps it would be economi- 
cally important if we could get values of the dissymmetry and 
damping factors of these generators while running at critical 
speed with various degrees of unbalance. 


T. C. Ratosone.‘ The author’s report of his investigations 
of unsymmetrical shafts constitutes a valuable contribution in 
the field of vibration of high-speed equipment. The sensitivity 
of such rotors to unbalance, with critical ratios of nonsymmetry 
to damping, is truly astonishing. 

The test rotor simulates the 3600-rpm two-pole field. The 
writer would be interested to know whether the author has en- 
countered similar effects with double-frequency vibration on the 
1800-rpm four-pole fields provided with two diametrically oppo- 
site slots or passages in the shaft to carry the field-winding leads 
from the collector rings. These passages occur at a sensitive 
shaft location, and introduce some degree of nonsymmetry. 

The writer has experienced a double-frequency vibration on 
some four-pole rotors which he attributed to this cause. This 
double-frequency component has sometimes approached the 
running-speed component in magnitude. 


Davin Ropertson.* The splendid series of experiments de- 
scribed in the paper has established as a fact that the behavior of 
an actual rotor agrees well with that deduced theoretically for 
an ideally simple rotor, and that the assumption of friction pro- 
portional to the velocity is near enough for practic:l purposes. 

In the writer’s experiments, with a very small flexible model, 
it was surprising to find that the agreement extended even to 
minor details of the transient, in spite of the wide divergence be- 
tween the actual conditions and those assumed in the theory. 


1 By H. D. Taylor, published in the June, 1940, issue of the 
JouRNAL oF APPLIED Mecuanics, Trans. A.S.M.E., vol. 62, p. A-71. 

? Professional Engineer, Schenectady, N. Y. Mem. A.S.M.E. 

5 Appendix of paper,! p. A-77. 

‘Chief Engineer, Turbine and Machinery Division, The Fidelity 
and Casualty Company of New York, New York, N. Y. Mem. 
A.S.M.E. 

5 Head of Electrical Engineering Department, Merchant Ventur- 
ers’ Technical College, University of Bristol, England. 


The author mentions the difficulty of obtaining a good static 
balance when the shaft has skew stiffness; this difficulty can be 
overcome by the method described in the writer’s paper* men- 
tioned, if a suitable static-balancing machine be available. 

It is somewhat disappointing that the author has not adopted 
the writer’s term “skew stiffness” for the distinctive property 
of the shafts which are the subject of the paper, for that property 
consists in the deflection being in general askew to the deflecting 
force. 

Since the section of his flatted shaft is symmetrical about both 
its principal axes, the term “unsymmetrical” is hardly appro- 
priate; it could be applied more fittingly to a shaft with the 
pulley, or pulleys, disposed unsymmetrically along its length. 

As to the theory, the writer naturally prefers his own method, 
which requires less mathematical equipment and seems to take 
up less space than that adopted in the paper. 

Our equations are in substantial agreement? when allowance 
is made for two differences in outlook. The author’s equations 
refer to the magnitude and direction of OS, whereas, the writer 
refers to OG; moreover, he assumes the friction proportional to 
the velocity of S, whereas, the writer takes that of G. 

In general, neither of these assumptions can claim any superi- 
ority over the other. The first is the more convenient when deal- 
ing with the motion of S, and the latter for that of G, with the 
result that the choice made (often tacitly) by each of the nu- 
merous writers on the subject depends upon which of these mo- 
tions he calculates first. 

Incidentally, the point S in the author’s diagrams is not nec- 
essarily the center of the shaft, for the eccentricity may be partly 
due to a permanent set of the shaft; it is really the point in the 
central plane of the shaft which coincides with O when there is 
no whirling strain. 

The problem of the unbalanced shaft having skew stiffness 
may be attacked in a number of different ways, of which the 
writer has tried three. Two gave identical results but the third 
gave equations of a different form which are presumably equiva- 
lent, although there was no success in reducing one form to 
the other, because they gave the same numerical results for sev- 
eral cases which were tried. It is quite easy to deduce from 
Fig. 3 of the paper that the sensibility to unbalance must vary 
with the direction of that unbalance. 

If OS represents an actual whirl, then the elastic forces caused 
by the deflection of the shaft are the reverse of those shown in the 
diagram. The tangential component gives a driving force for a 
counterclockwise whirl but a retarding force for a clockwise 
one. Consequently, a much smaller unbalance is required to 
produce a whirl of this size and position if the rotation is coun- 
terclockwise than if it is clockwise. 

Now, the maximum tangential component is the radius of 
the dotted circle and it occurs when OS makes 45 deg with the 
axes of stiffness. It follows that the maximum sensibility to 
unbalance is obtained when the “whirl radius” is 45 deg behind 
the weak axis and the minimum when it is 45 deg ahead. The 
unbalance is ahead of the whirl radius by the angle ¢. 

At wo the critical speed corresponding to the mean stiffness 
¢@ = 90 deg, which brings the unbalance for maximum and mini- 


§ Bibliography (7) of paper. 

7A misprint occurs in Equation 6.10 of the Bibliography (8). 
The sign of the third term in the numerator should be minus not 
plus. 
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mum sensibility into the positions stated in the paper. But that 
statement does not apply to other speeds and would almost have 
to be reversed at speeds well below the critical. 

When the speed is reduced below wo, ¢ gets smaller and smaller, 
bringing the unbalance direction for maximum sensibility first 
toward the weak axis and then past it to 45 deg behind it at very 
low speeds. The direction for minimum sensibility behaves 
similarly with respect to the strong axis. 

When the speed is raised beyond wo, ¢ exceeds 90 deg and the 
unbalance directions for maximum and minimum sensibility are 
pushed forward until, at very high speeds, they get 45 deg ahead 
of the other axis. These changes of phase explain the positions 
of the peaks in Fig. 5 of the paper and also why the curves cross 
one another. 

With the unbalance 45 deg ahead of the weak axis, the de- 
flection comes to the most sensitive position when ¢ = 90 deg; 
this corresponds to wo and so the peak comes at that speed. 

With the unbalance 45 deg behind the weak axis, the deflection 
gets to the least sensitive position with ¢ = 90 deg and, conse- 
quently, there is a minimum at wo. When the speed is changed a 
little from this value, the deflection is removed from the least 
sensitive direction and the phase changes so rapidly there with 
change of speed that at first its effect on the whirl radius exceeds 
the direct effect of the change of speed; the whirl thus gets 
bigger. But with a greater departure from wo, the direct effect 
predominates and the whirl diminishes again, and thus there 
are high peaks on each side of wo. 

With 6 = 0, a lag of 45 deg is required for maximum sensibility 
and the peak occurs below wo. With 6 = 90 deg, the required lag 
is 145 deg, which needs a speed above wo for the peak. 

If the positions of the peaks in the upper part of Fig. 5 be 
compared with the phase angles given in the lower part, they wil! 
be found to agree with these statements. 

When the damping is small enough compared with the skew 
stiffness to give an unstable range of speed, the tangential com- 
ponent of the elastic force provides the infinite driving force re- 
quired to maintain the infinite whirl at the extremes of that range. 

Without assistance from unbalance, within the unstable range, 
it gives a driving force exceeding the friction of any whirl which 
may be started by some accidental jar; this whirl must then grow 
indefinitely and thus there is instability. Actually there is a 
position of equilibrium with a finite whirl at all speeds within the 
unstable range, except at its extremes, but it is unstable. For the 
conditions of Fig. 7, this whirl would lie in the neighborhood of 
135 deg ahead of the unbalance. The whirl radius reverses its 
direction on passing through infinity while the speed is entering, 
or leaving, the unstable range. 

The negative values shown for @ when 6 = — 45 deg indicate 
that the whirl has to run ahead of the unbalance and, thereby, 
cause the latter to give a retarding force, in order to cut down the 
net driving force to that required to balance the friction. 

The paper does not include the theory of the transient, which 
is even more interesting than that of the steady-unbalance whirl; 
it has to be studied when the stability of the equilibrium is being 
considered. As shown in the writer’s paper,* the transient con- 
sists of four whirls, in pairs, the two members of one pair having 
equal but opposite rotations relative to the shaft and always 
lying along one another’s image in the weak axis. Between the 
two speeds given by u? = 1 — !/, a* = d, the relative rotation of 
one pair becomes zero and an exponential function is substituted, 
in addition to that caused by the damping. 

One radius decays more rapidly than due to the damping alone, 
but the second exponential factor of the other is a growing one 
which depends upon the amount of skew stiffness and upon the 
speed. With sufficient damping, the decaying factor predomi- 

8 Bibliography (8) of paper. 
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nates at all speeds and there is no unstable range. With less 
damping, the growing factor predominates within the unstable 
range and there the shaft flies out whether there is unbalance or 
not. Within the margins between the speeds given by the fore- 
going equation and the boundaries of the unstable range, the de- 
caying factor is the more important. As the damping is dimin- 
ished, the unstable range widens until, in the limit, the margins 
just mentioned disappear. 

The author mentions the way in which the shaft shoots out 
to the guard when the speed enters the unstable range; this may 
be seen even better with a small flexible model which can be run 
at any speed so long as it is steadied by hand. Its behavior, 
when released within the unstable range, is entirely different 
from that of a shaft without skew stiffness released at its critical 
speed. In the latter case, provided the rotor is balanced well 
enough to keep the critical whirl within safe limits, the shaft 
moves out gently and more and more slowly, to its equilibrium 
position. But, with skew stiffness, it flics out along the growing 
transient with an outward acceleration and strikes the guard 
with great violence. 

The theory shows that the direction of the growing transient 
lies along the weak axis at the lower limit of the unstable range; 
as the speed is raised, this direction falls back until it reaches the 
strong axis at the upper limit. These directions were verified ex- 
perimentally on the model. 

It is worth noting that the transient is independent of both 
the amount and the direction of the unbalance and that it is 
exactly the same with no unbalance; also that the transient mo- 
tions of both S and G are alike, and that it is immaterial which of 
these two points is supposed to determine the friction. 


AvuTHOR’s CLOSURE 

Dr. Newkirk mentions an equilibrium-diagram method of ap- 
proach for analysis of the problem. This was included in the 
first draft of the paper, but was omitted under pressure for con- 
densation. It followed the method given in reference 4 of the 
bibliography, with modifications as required by Equations [4] 
and [5] of the present paper. The results agree with those given 
in the Appendix, Equations [12] to [15], and are obtained in 
fewer steps by much simpler mathematics. However, it seemed 
best to give Petrovsky’s general solution, including the double- 
frequency motion. 

Answering Mr. Rathbone’s inquiry about double-frequency 
vibration due to field-winding lead slots on 4-pole generators, the 
author has not had any such experience, although it is recognized 
as a definite possibility. 

Professor Robertson’s comments about the use of the term 
“unsymmetrical,” as applied to shafts either flatted or slotted 
as for a 2-pole generator, are very well taken. The author simply 
followed the terminology used by Mr. Petrovsky in his 1932-1933 
reports on the subject. Professor Robertson is responsible for 
first stimulating the author’s interest in this subject. I wish to 
thank him for bringing out a number of interesting points not 
covered in the paper. 


The Normal Modes of Vibrations of 
Beams Having Noncollinear 
Elastic and Mass Axes' 


R. Exsereian.? While the author has presented an important 
contribution which has specific value for the determination of the 


1 By C. F. Garland, published in the September, 1940, issue of the 
JOURNAL OF AppLiep Mecuanics, Trans. A.S8.M.E., vol. 62, p. A-97. 

2 Consulting Engineer, Edward G. Budd Manufacturing Company, 
Philadelphia, Pa. Fellow A.S.M.E. 
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natural vibration frequencies of airplane wings, the procedure of 
analysis is also of particular interest. The author uses the 
Rayleigh-Ritz method for approximating the natural frequencies. 
Due to the noncollinear relations of the elastic and mass axes, 
there exists a coupling between the inertia and elastic forces of 
bending and torsion. If the end constraints of the beam are 
assumed rigid, the point C, Fig. 2 of the paper, can be located 
so that the flexural center and center of twist are coincident. In 
this case there is no elastic coupling between the coordinates Z 
and @, and the expressions for the elastic energy of bending and 
torsion, as given by Equation [2], are independent. On the other 
hand since the mass center G of the section is not coincident with 
C, there exists an inertia coupling between these coordinates. 

The bending and torsional deflections are represented by a 
converging series, satisfying the end conditions, which approxi- 
mates the modes of distortion of the system. Since the terms in 
the series are not normal functions, cross-product terms of the 
parameters must exist in the expressions for kinetic and potential 
energies. This should be expected in Equations [2a] and [2b] 
given by the author, though not between the parameters in the 
expressions for Z and @. The author has indicated the varidus 
cross-product terms in the expression for the kinetic energy and 
we note also cross-product terms representing the inertia couplings 
between Z and 

Equations [8] and [9] can also be shown by a direct derivation 
from Hamilton’s principle 


to 
sf (T—V)dt = 0 
0 


2 
where to = 4 = the time limits of the variation corresponding to a 


complete cycle. With 7' = '/; (a) p*cos* ptand V = 1/2 (8) sin? pt 


then 
to 
6 f |(a)p? cos? pt — (8) sin? pt] dt 
0 


therefore — p*(a)] = 
Likewise, from the principle of energy, since T + V = constant 
[(8) — p*(a)] sin? pt 


This can only be true when (8) — p*(a) = 0 


= constant (independent of time) 


Since a, a2, etc., are independent parameters, 


oa, Oa; Oa, Oa, 


Inasmuch as the Rayleigh-Ritz method is directly reducible 
from Hamilton’s principle and since 


a(T — V) 
_ 2) \ 
59, dt 


therefore, Lagrange’s equations (which are the analytical equiva- 
lent of Hamilton’s variation equation) should be applicable. 
However, the parameters a), a2, etc., now are regarded as co- 
ordinates, such that 
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Considering the derivation of the frequency equation of the two 
normal modes, discussed in the paper, let 


Z = ayY; Z = 


T = + + dy 
0 


V='/, f (22) a;"dy + (%) | 
o \ oy? o \ oy 
T = + + + 
J 


and 
1/,K,Qia;? + 


From Lagrange’s equation 


d f/oT oV 
(27) = pAS\ a; + pAcSy;’ + K,Qia =0 


oV 


let a; and g,vary as en‘ then 


(K,Q: — pAS,w,?)a, — (ow = 0 


so that the determinant of the frequency equation is 


J 
= pAcdSy'd; + pA (« + Si'A+CRigi =0 


— pASienw,%a; + | en. — w,2pAS,' (« +7 


K,Q: 2 
pAS, n NEw, 


in agreement with Equation [15] of the paper. 

It is unfortunate that space prevented more detail of the ex- 
perimental work. The confirmation of the numerical work not 
only shows skill in experimental technique but also in the author’s 
judgment in choosing a close approximation of the modes of 
distortion. 


E. O. Warers.* It is well known that the fundamental fre- 
quency of vibration for systems having more than 1 deg of free- 
dom can usually be approximated by taking the dynamic con- 
figuration as equivalent to the static, and solving the energy 
equation. The problem discussed in this paper is no exception 
to this rule. For an elementary length of the beam 


1 aZ 
Maximum strain energy = 5 ( dy + Cc dy 
dy? 2 dy 


VA 2 
Maximum kinetic energy = : 3 0A (2 +e : ) dy 


where, for static deflection 


3 Associate Professor of Mechanical Engineering, Yale University, 
New Haven, Conn. Mem. A.S.M.E. 
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M1 

= - 2 

dy! 2 pAg(t — y)?/(EI) 
do T 
pAg(l — y)e/C 


The two energy expressions may be integrated over the 
length of the beam and expressed as functions of the static ter- 
minal displacement Z, and terminal rotation 6; which are them- 
selves related by the equation 


_ 


The resulting energy equation is 


8EI 20 52-148 


where a = 


Taking the dimensions given in the paper, the frequency 
figures out as 1006.3 per min when e = 0, and 721.5 per min 
when e = 0.86 in. Both results agree well with the values quoted 
by the author. It is suggested that, when it is known that the 
fundamental frequency alone is the critical one, this method may 
be adequate for the purpose. It entails considerably less labor 
than the more accurate method used by the author. When 
higher frequencies are critical, the Ritz method or its equivalent 
is probably best. 


6; 


AUTHOR’s CLOSURE 


The author wishes to express his thanks to Dr. Eksergian and 
to Professor Waters for their appropriate and well-prepared dis- 
cussions. 

The discussion by Dr. Eksergian provides an interesting illus- 
tration of the relationships which exist among the several energy 
methods. 

Professor Waters discusses an important point which the 
author neglected to make clear in the paper. As he has demon- 
strated, the Rayleigh method serves quite adequately when only 
the fundamental frequency is desired. 

To clarify the relationship which exists between the energy 
equations presented by Professor Waters and those used by the 
author it may be pointed out that when the static deflection curve 
is employed a ratio of e¢g;/a, is defined automatically. If a similar 
value for this ratio is assumed in writing Equations [1] in the 
paper, only one unknown will appear in Equation [7], and thus 
Equation [7] will yield the fundamental frequency directly. 

Assuming equal accuracies in the performance of numerical 
work, the slight difference in the values of the fundamental fre- 
quencies computed by the two methods can be attributed to the 
difference in the assumed elastic curves. This demonstration of 
the accuracy of the Rayleigh method may be added to the many 
others to be found in the literature. 


Analysis of Clamped Rectangular 
Plates’ 


Stewart Way.? The analysis of clamped rectangular plates 
with various loadings, on the basis of the theory of Lagrange and 


1 By Dana Young, published in the December, 1940, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 62, p. A-139. 

2 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
Jun. A.S.M.E. 
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Kirchhoff, is a worth-while undertaking in its own right; but it 
also contributes to our understanding of certain more compli- 
cated problems. For example, if we are interested in the large- 
deflection problem of a rectangular plate for the condition of no 
boundary-membrane stresses, we have to deal with the equation 
AAF = E(w,,? — w,,w,,) where F is an Airy stress function 


oF 
that satisfies the boundary conditions F = 0, a =0. Thus, the 


stress function becomes analogous to the deflection of a clamped 
rectangular plate with load proportional to w,,*— w,,Wy,. In 
solving large-deflection problems, a deflection form with unknown 
parameters is usually assumed, so it is very useful to be able to 
calculate readily the membrane stresses (defined by F), corre- 
sponding to any assumed deflection. 

The writer would like to make one remark in connection with 
the superposition method. As originally outlined by Timo- 
shenko this method involves the superposition of two solutions w, 
and w, satisfying the equations 


DdAw, q(z, y) 
AAw, = 0 


where w, and w,each satisfies the boundary condition w, = w2 = 0, 
re) 
and where their sum satisfies the other condition, ro (w; + w2) 


=0. The solution w, is conveniently taken as the deflection of a 
simply supported plate with load q(z, y). A variation of this 
procedure is to make w, and w, separately satisfy boundary condi- 
tions oa = 0, a = Oand make the sum satisfy the other bound- 
ary condition, w, + w, = 0. The latter method is preferable 


for certain types of load distribution, as for example g = . (os 


os + cos | ) 0m & square plate. In that case w, is at once 
2 

= (=) (cos — + cos et) which satisfies a = 0 at the 

boundary. 


The cases of loading treated by the author are well chosen and 
will be quite useful to the designer. 


S. P. TimosHenxo.* This paper is an important addition to 
the theory of bending of clamped rectangular plates. The 
writer’s only criticism is that the paper is so condensed that it can 
be read without difficulty only by the persons who themselves are 
working on the theory of plates. In the introductory historical 
part of the paper, it would seem desirable to add the name of 
B. M. Kojalovich, who was the first to solve the problem of bend- 
ing of clamped rectangular plates under uniformly distributed 
load.‘ He applied his theoretical solution to a particular case of 
a plate and showed how the deflections and the bending stresses 
can be calculated with sufficient accuracy. 

Kojalovich’s solution was put in a form more suitable for calcu- 
lation by I. G. Boobnov, who prepared the table of deflections 
and moments for various shapes of clamped rectangular plates 
carrying uniform load.’ Until recently this table has been 
the most complete source of information on clamped rectangular 
plates. 

The paper will be more complete if the author will add a dis- 
cussion on the convergence of his method of calculation and also 
if he will deduce some conclusions regarding the accuracy of the 


3 Professor of Theoretical and Applied Mechanics, Stanford Uni- 
versity, Calif. Fellow A.S.M.E. 

4 Doctor’s Thesis, St. Petersburg, 1902. 

“Theory of Structures of Ships,’’-by I. G. Boobnov, St. Peters- 
burg, vol. 2, 1914, p. 465. 
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results obtained. From the calculations already made, it can be 
stated how the value of the maximum bending moment changed 
with the increase of the number of terms in the series used. It 
can also be shown with what accuracy are satisfied the load condi- 
tions and the boundary conditions if the number of terms in the 
series is such as taken in the paper. A comparison of the results 
obtained by using series with those obtained by using equations 
of finite differences also will be of interest. 

In conclusion, the writer would like to express the hope that 
the author continue his investigations of clamped rectangular 
plates and that he make calculations for other forms of loading. 
The general solution in the form of a series is quite complicated 
and it can be used by practical engineers only if the tables for 
moments and deflections are calculated for various loading condi- 
tions. 

AvuTHOR’s CLOSURE 


The discussions by Professor Timoshenko and Dr. Way have 
brought out several interesting points in connection with the 
clamped-plate problem and have raised a question concerning 
the convergence of the method. With regard to this question of 
accuracy, it may be shown, as suggested by Professor Timoshenko, 
how closely the conditions of the problem are satisfied by the 
results given in the paper which were calculated by taking only 
the first eight terms in each series. The deflection functions used 
satisfy exactly the differential equation and the condition for 
zero deflection at the boundaries. Due to taking a finite number 
of terms in the series expressions for the edge slopes, the actual 
slope at the boundaries will not quite be zero. The amount of 
this deviation from zero edge slope may be calculated for any 
of the plates given, and this will give an idea of the error in- 
volved in the method. 

For example, consider the case of the square plate with the 
loading, shown in Fig. 1 of the paper, the results for which are 
given in Table 2 of the paper. Due to the form of the deflection 
functions, the edge slopes are exactly zero at the corners and at 
the center of the sides parallel to the y axis. At other points 
along the edges, the actual slope may be calculated using the 
values of A, and B,, as given in Table 2. Thus, it is found that 
the edge slope at z = 0, y = '/,bis 2 per cent of the slope for a 
similarly loaded simply supported plate. The slope at z = 
'/;a, y = 1/,b is less than 1 per cent of the slope for a simply 
supported plate. An additional small error arises from the fact 
that the load on the plate is represented in the function w, by 
a series expansion, only a finite number of terms of which are 
taken in the calculation of moments. However, the number of 
terms that may be used is independent of the number of terms in 
the series for A, and B,, and so this source of inaccuracy may be 
made as small as we please with very little extra work. 

Professor Timoshenko has suggested that a comparison be made 
of the results obtained by this method and by the method of finite 
differences. Calculations by the latter method have been made 
by A. Smotrow® for clamped plates carrying a triangular hydro- 


6 “Berechnung von Platten,’’ by A. Smotrow (in Russian), Staats- 
Verlag fiir Literatur des Bauwesens, Moskau und Leningrad. 1936. 
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static load. These calculations were carried out for three 
plates with side ratios of = 1.5,- = 1,and- = respectively. 
a a a 3 
In each case, a network of 36 rectangles was used. The moments 
so determined by Smotrow are summarized in Table 1 of this 
closure, together with the corresponding values found in this in- 
vestigation and given in Table 4 of the paper. While there is 
a general correspondence in the results, it will be noted that the 
moments found by the method of finite differences are smaller 
than the others. This is to be expected, and it is believed that 
a considerably closer network of points. would have to be taken 
in the finite-differences method to obtain the accuracy of the 
superposition method. 


Notes on the Dynamics of 
Electric Locomotives’ 


B. F. Lanocrr.? In this paper, the author has given some 
interesting extensions of his earlier work on locomotive dynamics. 
The writer is particularly interested in his discussion of the 
conditions existing at speeds higher than the critical. 

He bases his energy calculations on the assumption that the 
vectors representing angular and lateral motion are at right angles 
to each other, and the energy balance comes about as a result 
of a change in the value of the ratio between the angular and 
lateral amplitudes. It is also interesting to see what results 
can be obtained from the assumption that the energy balance at 
speeds above the critical comes primarily from a change in the 
phase angle between the angular and lateral motions. Suppose 
we do not assume that a = 2/2, then the author’s Equation 
{12], giving the conditions for energy balance, becomes 


0 vsina + Vv? sin? a — V? 
2wY y2 


which is the same as the original except that v is replaced by v 
sin a. Thus as the speed v increases, the energy balance can be 
maintained by shifting a away from x/2. To say that the phase 
angle changes from x/2 to some other value is the same as saying 
that the center of rotation of the wheel base shifts from the center 
of gravity of the creepage forces to some other location, either 
forward or back. The writer has made observations on rigid- 
frame locomotives which indicate that just such a shift occurs. 
As an example, two types of 2-D-2 locomotive were observed 
during tests made by M. Mauzin, research engineer of the 
S.N.C.F. in France. One type had a natural period of roll much 
longer than its nosing period, and the other had a period of roll 
about the same as its nosing period. Both locomotives, how- 
ever, actually oscillated at their nosing frequencies, which were 
about the same. At top speed, the locomotive with the long 


1 By B. S. Cain, published in the March, 1941, issue of the 
JoURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 63, p. A-30. 

2 Research Laboratories, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. 
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period of roll rotated about a point well to the front, so that 
the flange forces at the leading end were small, but those at the 
rear were quite large. The stiffer locomotive had a center of 
rotation more to the rear, and the flange forces at the leading 
driver were large. However, when the critical speed was in- 
creased by adding suitable restraints to the guiding trucks, the 
stiffer locomotive was quite stable and had very low flange forces 
even at 108 mph. 

The writer does not doubt that good use can be made of the 
force equations given in the paper, if sufficient caution is used 
in interpreting the results. A few precautions not mentioned 
by the author should, however, be pointed out. From Equa- 
tion [16], we find that the equivalent stiffness of the track at the 
leading axle must be greater than the equivalent stiffness at the 
rear, if oscillations are to be sustained. This means higher flange 
forces at the leading end than at the trailing end, which is by 
no means what always occurs in practice. Many cases are known 
of sustained oscillations with the largest flange forces at the rear. 
The reason that this false condition appears in the equations is 
because the author has oversimplified his original assumptions 
in taking a linear spring scale for the track. The writer pointed 
out some years ago’ that self-induced oscillations cannot occur 
in a symmetrical truck on a track which acts as a linear spring. 
Oscillations do occur in practice because of the nonlinearity 
introduced by the flange clearance. The author assumes a sym- 
metrical truck and a linear track scale, so the only place left for 
the necessary unsymmetrical condition to appear is in the track. 
Thus the condition found by the author that u: — u: < 0 results 
merely from false assumptions and should be ignored. 

Another simplification is his neglect of the damping in the 
springs supporting the superstructure. This is not serious, 
however, so long as we correctly evaluate what . ~ equations 
tell us happens at resonance, when Mw? = yo. The «a, ‘hor re- 
marks that ‘‘the flexibly coupled superstructure acts as a variable 
inertia, tending to become infinite as Mw* approaches po.’’ This 
effect of infinite inertia occurs only if the superstructure has 
infinite amplitude. Practically, the damping of the springs is 
sufficient to keep the amplitude down, and resonance often occurs 
without any serious consequences. A rigid-frame locomotive 
with outside bearings does tend to have about the same fre- 
quency of rolling and nosing, but the damping of the springs is 
sufficient to prevent trouble. The swing links of a passenger-car 
truck offer much less damping, but here the nosing frequency of 
the truck is high compared to the natural frequency of the links, 
so resonance does not occur. 

The writer agrees with the author that the energy equations 
are more reliable than the force equations, and less sensitive to 
simplifying assumptions. The first presentation*® of the energy 
method, as applied to locomotive oscillations, was made by J. P. 
Shamberger and the writer in 1935. The author’s method of 
analysis is more rigorous than that used by the writer at that 
time, although the end results are in good agreement as far as 
general rules for building stable locomotives are concerned. 


E. Latsnaw.‘ In the study of high-speed electric-railway-car 
oscillations, the writer found that the motion could not be fully 
explained without giving consideration to wheel creepage, caused 
by tangent forces. It is apparent that a complete analysis of 
locomotive oscillations must likewise include the effects of 
creepage. 

The small-scale creep tests conducted by the writer were made 
with a ground-steel roller having two tires 2'/; in. diam, */;-in- 


3 ‘Lateral Oscillations of Rail Vehicles,” by B. F. Langer and 
J. P. Shamberger, Trans. A.S.M.E., vol. 57, 1935, p. 481. 

4 Railway Truck Engineer, The J. G. Brill Company, Philadelphia, 
Pa. 
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wide treads, spaced at 3'/s-in. centers. The roller was rolled 
back and forth on a ground-steel plate. By tilting the plate 
transversely, the tangent force from gravity could be accurately 
controlled and employed to produce creepage. Since the creep- 
age from back-and-forth rolling is accumulative, very accurate 
measurements could be obtained by moving the roller over a 
relatively great distance. 

The results of these tests can be represented very closely by 
the following simplified equation. This is a close approximation 
to a more complex one,which is derived theoretically 

uT 


350(u —T) 
Transverse creep, in. 
Longitudinal distance rolled, in. 
Coefficient of friction between roller and plate 
Tangent force, lb 


Vertical load, lb 


By this equation, it is evident that creep does not vary directly 
with the tangent force producing it, and when 7’ = u skidding 
occurs which is to be expected. It is, therefore, evident that we 
do not have a continuous function for all values of 7. From 
Equation [1] of the paper, it is not clear how this limiting condi- 
tion is introduced. However, for cases where u is appreciably 
greater than 7’ as a maximum, this limitation is avoided. 

This equation for creep S presents an interesting fact, i.e., 
that creep is related to the prevailing coefficient of friction. It 
has been known for a long time that the riding of railway pas- 
senger cars is affected by wet and dry rails. Cars which oscillate 
badly on dry rails have beer found to ride smoothly on wet rails 
at the same speed. This change in stability can be explained 
by the alteration in creepage due to a change in coefficient of 
friction. 

It is evident that the analysis of a large electric locomotive 
is much more complicated than a passenger car. Many other 
factors must be considered as the author has pointed out. These 
other factors may tend to obscure the effects of friction variation 
on creepage. However, it seems reasonable that a change in 
wheel-rail coefficient of friction will affect the motion of a loco- 
motive to some extent due to the change in vibration energy. 
It would be interesting to learn whether the author has gathered 
any evidence on this point from the field. 

While we have no control over the prevailing coefficient of 
friction in operation, it would seem desirable to introduce it into 
the complete and general critical-speed equation, thus making it 
possible to study the motion or stability for the range of coef- 
ficient-of-friction values encountered in operation. This would be 
of value mainly when comparing experimental data from field 
tests with theoretical predictions. 


AvuTHor’s CLOSURE 


Mr. Langer refers to some interesting observations on the 
change in phase angle between angular and lateral motions 
above the critical speed. The recording of such observations is 
most valuable in increasing our knowledge of this difficult 


subject. The author pointed out that the assumption a = 4/2 
is questionable and that energy methods of calculation are 
not adequate to pursue this point further. Mr. Langer also 
points out correctly that the force equations are valuable 
only if used with discretion. The true equations are nonlinear. 
The approximate linear equations are often valuable, but only if 
checked to see that the results used are confined to those which 
are not much affected by the simplifying assumptions. The equa- 
tions can certainly not be used blindly. Mr. Langer gives a good 
example of this and the author emphasized similar difficulties in 
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the Appendix to the paper, in which the use of a combination of 
energy and force equations was suggested in order to obtain reli- 
able results. 

Mr. Latshaw’s tests of creepage forces on a small scale have 
been of great interest to the author because they are so simple in 
principle and give such clear results under conditions which can 
be controlled. The tests did not cover any wide range of sizes. 
Theory indicates that size should have some effect and this is a 
field for further investigation. 

Both theory and experience confirm Mr. Latshaw’s conclusion 
that creep does not vary directly with the tangent force producing 
it. The equations in the paper are based on a constant propor- 
tionality, for which a mean value must be used. In the earlier 
stages of Dr. Carter’s work on creep,’ he met the same difficulty 
and, after some study, concluded that this approximation is suffi- 
cient to account for the observed phenomena, although numerical 
values are necessarily approximate. Previously published data 
by the author® tend to show that the approximation is as accurate 
as the data warrant. 

Mr. Latshaw notes that passenger cars which oscillate badly 
on dry rails have been found to ride smoothly on wet rails at the 
same speed. The author has observed the same thing in a num- 
ber of electric locomotives at high speeds. On one occasion in 
particular, a locomotive running above the critical speed passed 
through a series of small local showers. On dry rails the vibration 
was very bad indeed, but over every wet section the locomotive 
rode very smoothly. 

We have no control over the coefficient of friction, but we may 
have control over the effective creepage coefficient through 
changes in wheel size, loading, and lateral axle clearance. 


An Extension of the Photoelastic 
Method of Stress Measurement to 
Plates in Transverse Bending’ 


R. D. Minpurn.? The writer would like to discuss the follow- 
ing three aspects of the photoelastic study of plate-bending 
problems presented in this paper: (1) The exact theory of the 
propagation of light through the plate; (2) the geometric optics 
of the polariscope; (3) alternative photoelastic methods which 
might be used in plate-bending problems. 


PROPAGATION OF Licgut THROUGH THE PLATE 


The relation of direct proportionality, connecting relative 
phase retardation with principal stress difference, is deduced 
from the laws of propagation of light in a homogeneous crystal. 
When the crystal is nonhomogeneous along the direction of 
propagation of light, it is essential to re-examine the optical 
situation to determine whether or not the elementary relation still 
applies, either exactly or approximately. The authors did this 
by means of a preliminary experiment and found an affirmative 
answer for their special case. A similar investigation performed 
mathematically is useful because it brings out the order of 
magnitude of an approximation which is involved. It may be 
accomplished by a study of the solution of the differential equa- 
tions governing the propagation of light for the particular case 


5 “On the Stability of Running of Locomotives,’ by F. W. Carter, 
Proceedings of the Royal Society of London, series A, vol. 121, 1928. 

‘Safe Operation of High-Speed Locomotives,” by B. S. Cain, 
Trans. A.S.M.E., vol. 57, 1935, p. 471. 

1 By J. N. Goodier and G. H. Lee, published in the March, 1941, 
issue of the JouRNAL or AppLieED Mecuanics, Trans. A.S.M.E., 
vol. 63, p. A-27. 
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at hand. The general differential equations are three, of the 
type 
1] 
o¢ on ot? 


(the remaining two being obtained by cyclical permutation of 
u-v-w, &n-¢, and a-b-c) in which u, v, w are the components of 
the light vector referred to the principal axes of optical symmetry 
(principal axes of stress); & 7, ¢ are rectangular coordinates, 
measured along the principal axes; wt, w_, wy are the components 
of the curl of the light vector; a, b, c are the principal velocities 
of light and tis the time. The principal velocities are determined 
from the state of stress according to the stress-optical laws given 
by three equations of the type 


a? = Vo? + a(oz + + [2] 


in which o, 2, ¢3 are the principal stresses, a and £ are stress- 
optical coefficients for frequency w, and Vo is the velocity in the 
unstressed medium. 

For the present case, it is sufficient to take o, = —o3; = 
o,2/h and o, = 0, where o; and ay are stresses parallel to, and 
z the coordinate perpendicular to, the central plane of the plate; 
2h is the thickness of the plate and o,, is the maximum stress at 
the surfaces of the plate. As optical boundary conditions, 
we take a plane-polarized light wave entering the plate at normal 
incidence (in the positive z direction) with the plane of polariza- 
tion bisecting the angle between o; and o3, and analyze the re- 
sulting waves after they penetrate into the plate to a point located 
by the coordinate z. Then, omitting details, the solution of 
Equations [1] lead to the following expression for light intensity 


rl 

le 

4 [Jo(¢)Jo(¥) — Yole) | Yo(y-a) } 
[Jo(¥—a) ]? + [Yo(y-a) 

4 + Yo(y—a) + Jo(y—a) Yo(y-a) 
[Jo(y—a)]? + 


1 
{ Joe) + [¥o(e)]? + [Jo(v)]? + [¥o(y) ]*} 


in which J is the intensity observed for the unstressed plate, 
Jo and Yo are the zero-order Bessel functions of the first and 
second kinds, the arguments being 


2wV oh (a — B)o,,2 


2wV oh (a— B)o,2 
(a— Voth 
The value of the argument at z = —h is to be taken where the 


subscript —h appears in Equation [3]. 

For bakelite and visible light, the order of magnitude of the 
quantity 2wVoh/(a — 8)e¢,, is about 10® so that the zeros of the 
Bessel functions are for all practical purposes equally spaced 
over their range of present use. It is therefore permissible to 
substitute damped trigonometric functions for the Bessel func- 
tions, with the result that Equation [3] becomes 


1 1 cos + Y— 

== = + 

We do not yet have a relation of simple proportionality be- 
tween stress and retardation, but, noting that the quantity 


(a — 8)o,,/Vo%h in Equations [4] is of order of magnitude 10-* 
for bakelite, we are justified in neglecting powers higher than 


a 
| 
[3] 
(| 
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the second in the binomial expansions of the radicals. Perform- 
ing this operation we find that 
I = Igsin? — [6] 


where C is the relative stress-optical coefficient and \ is the 
wave length in vacuo. The relative phase retardation observed 
in the authors’ experiment is twice that obtained from Equation 
[6] for z = 0 on account of reflection. Hence, for their experi- 
ment 


This is exactly the expression which would be obtained for the 
intensity if the assumption were made at the start that the 
relative phase retardation is proportional to the principal stress 
difference. 

It should be observed that, if the stress-optical sensitivity and 
the stress were each multiplied by a factor of 30, the simple rela- 
tion would not hold at all, even for rough work. 

Another fact which has been shown by a similar study? is that 
even for present materials and stresses, the simple relation does 
not hold when the orientations of the principal stresses in the 
x, y plane vary through the thickness. Although this does not 
pertain to the experiments performed by the authors, it does 
apply to their suggestion that their method can be used where a 
mean stress is developed in bending. In this case, the principal 
stress directions, in general, do vary through the thickness, and 
optical observations of a different type from those made by the 
authors are required.® 


REFLECTION POLARISCOPE 


The authors state that, in their polariscope, reflected light 
from numerous optical surfaces hinders photography and that 
image intensity is low. In its physica! optics, their apparatus is 
identical in design with one devised by the writer,‘ the dis- 
tinguishing feature of which is that a single polarizing element 
is used as both polarizer and analyzer. The two instruments 
differ, however, in their geometrical optics and to this may be 
attributed the fact that the one has intensity and multiple- 
reflection difficulties while the other has not. It is better to 
place the axis of the telescope along the collimation axis of the in- 
strument and not at right angles to it, as the authors have done, 
i.e., light source and telescope should be interchanged. Their 
half-silvered mirror may then be replaced by a clear-glass plate, 
and the polarizer analyzer should be set so that the plane of 
polarization is perpendicular to the plane of the glass plate. 
The light intensity is markedly increased by this change and no 
difficulty is encountered with reflections at the illumination and 
observation end of the apparatus. To eliminate undesirable 
reflections from the other end of the apparatus, the polaroid 
plate should be replaced by a Nicol or Halle prism, as in these 
the end faces are not perpendicular to the collimation axis. If 
one of these prisms is not available, a long-focal-length collimat- 
ing lens should be used and the polaroid plate tilted slightly 
to cast its reflection out of the field. The long-focal-length 
collimating lens is desirable in any case as then it and the retarda- 
tion plate and compensator may also be tilted and thus eliminate 
all of the undesirable reflections except that from the front sur- 
face of the model. To improve the geometric quality of the 


3’ “Stress Analysis by Three-Dimensional Photoelastic Methods,” 
by D. C. Drucker and R. D. Mindlin, Journal of Applied Physics, 
vol. 11, 1940, pp. 724-732. 

4“A Reflection Polariscope for Photoelastic Analysis,” by R. D. 
Mindlin, Review of Scientific Instruments, vol. 5, 1934, pp. 224-228. 
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image, it is also desirable to place a diaphragm stop at the focal 
point of the collimating lens. 


ALTERNATIVE Meruops 


(a) The first suggested method requires a “sandwich” as in 
the authors’ method, but does not require a reflecting surface 
between the two elements of the model. 

The plastic “lucite” has about the same “elastic’’ properties 
as bakelite but its stress-optical sensitivity is much less, the 
ratio being about 1:70. The suggestion is to make a sandwich 
of lucite and bakelite, without an intervening reflecting surface, 
and transmit the light through the model. The double refraction 
in the lucite being negligible, the average principal stress dif- 
ference in the bakelite half is obtained directly. 

(b) The second suggested method requires neither a sandwich 
nor even measurement of relative retardation in the bent plate. 

A bakelite plate is first prepared for use by “freezing’’ in it 
a known stress distribution, say a simple tension, following the 
procedure used in the freezing method for three-dimensional 
photoelasticity. After cooling, the relative retardation is 
measured and this retardation corresponds to a simple tension, 
say, 0,’ in the cold plate. The plate is then cut to the required 
shape and subjected to bending, resulting in a superposed stress 
system in which the stresses parallel to the central plane of the 
plate will be called ¢,", 

The latter vary linearly through the thickness; say, ¢,” = 
Az, o," = Bz, 7,," = Cz where A, B, C are constants. The total 
stress system parallel to the z, y plane is then o, = o,’ + Az, 
o, = Bz,r,, = Cz and the angle @, which the algebraically larger 
principal stress in the xz, y plane makes with the zx axis, is given 
by 

2Cz 
(A — B)z + 


tan 20 = 


Hence, the directions of the principal stresses in the z, y plane 
vary through the thickness of the plate. 
Let the values of @ at the surfaces, z = +h, of the plate be 6+. 


and 6-,, respectively. Then 
2Ch 
an 26-, = 
tan 20 = 
hence 
sin ( +h) {10} 


oy sin sin 20+, 


h sin 2(0-1 — 04n) 


If the angles @-, and 64, can be measured, the required 
quantities (A — B) and C are determined. The procedure for 
measuring @-, and 6+, at each point of the plate is known,’ the 
method being based upon a peculiar phenomenon’ which occurs 
when plane-polarized light is incident on the plate. If the 
plane of polarization is parallel to a principal stress direction on 
entry, it will rotate with the principal stress through the plate 
and the light will emerge plane-polarized parallel to the prin- 
cipal stress direction at the second surface of the plate. Hence, 
the angles at each point may be determined by independent 
rotation of polarizer and analyzer® in the usual photoelastic ap- 
paratus. It remains to be seen if 6-, and 64, can be measured 
accurately enough. 

The method fails at points in the plate where the direction of 
the frozen stress o,’ happens to coincide with the direction of a 
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DISCUSSION 


principal bending stress, but this may be avoided at points of 
interest by judicious cutting of the frozen plate. 


S. P. TimosHEeNKo.§ This paper gives a very interesting ap- 
plication of the photoelastic method in studying the bending of 
plates. It seems that the method can be useful in many cases 
of bending of plates which cannot be easily treated in an ana- 
lytical way. There is, however, some limitation in the use of the 
method. The method assumes that the stresses have a linear 
distribution over the thickness of the plate, hence it cannot be 
applied, for instance, in studying local stresses at a point of ap- 
plication of a concentrated force. The difficulty arises also in the 
application of the method to the investigation of stress concen- 
tration around a small circular hole. The investigation shows 
that a high stress concentration takes place around the hole and 
that the width of the region of high stresses is small in com- 
parison with the thickness of the plate. Under such conditions 
we cannot assume that the stresses have a linear distribution. 

We think, also, that the elementary-plate theory cannot be 
applied at the edge of the hole without some additional considera- 
tion. Under such circumstances, it seems that the measure- 
ments of strain around the hole in a bent plate can give us 
more reliable information regarding stress concentration than 
the photoelastic method does, and that the applicability of the 
photoelastic method in this case can be established only if it 
will be shown that the results obtained photoelastically coincide 
with those obtained by strain measurements, 


AutHuors’ CLOSURE 


Dr. Mindlin’s proposals for alternative methods are a valuable 
extension of the paper. His method (2) is particularly interest- 
ing, since it abolishes the sandwich and the difficulty of making 
it of anything but the rather unsatisfactory celluloid. The 
inapplicability of the method of the paper where there is mean 
stress as well as bending stress is clear, in the general case, but 
in those numerous problems which have axes of symmetry, the 
difficulty does not arise for measurements on these axes, and 
frequently such measurements are sufficient. Several modi- 
fications of the optical system, some as suggested in the discus- 
sion, were considered and tried. The optical arrangement was 
described in the paper as a matter of recording what was done 
in these particular circumstances, and is certainly susceptible 
of improvement. 

Professor Timoshenko’s discussion raises two points—that 
there will not be a linear distribution of stress (a) near a con- 
centrated load, or (b) at boundaries. These are real difficulties 
in the subject and were debated at some length while this work 
was in progress. There is little to be said about (a) except that 
such regions are outside the province of this method, unless a 
multiple sandwich can be made, giving reflections from various 
depths, and so the actual distribution of stress over the thickness. 
The ordinary photoelastic method for plane stress suffers from 
a similar restriction.. Near a concentrated load much variation 
through the thickness may be expected. In (b) the bent plate 
again is on much the same footing as the plane-stress models, 
if we confine attention only to the smallness of the region of 
concentration and its comparability with the thickness. In 
each case, the standard distribution is departed from in favor of 
4’ more complicated régime. However, the bent plate has of 
course an additional complication at the boundary. The 
ordinary theory only satisfies a condition of the type Q + as = 
at a free boundary, instead of the strict conditions Q = 0, 
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H = 0, Q being shearing force and H twisting couple per unit 
length. A theoretical solution may then permit an appreciable 
H (or oz) provided it is counterbalanced by a suitable Q. 
It is known that this departure from the strict conditions can 
only disturb an edge zone comparable with the thickness, but 
it does mean of course that there is no necessity for agreement of 
photoelastic and theoretical stresses within such a zone. How- 
ever, the tests of Dumont® were made with strain gages on metal 
plates, and agreed well! with the theory by Goodier.? As far as 
the evidence goes, from the present tests and those of Dumont, 
it suggests that these boundary complications are not serious. 
But it may well be mentioned here that Dr. D. C. Drucker has 
recently obtained photoelastic results on the hole in the bent 
plate, using a modification of Dr. Mindlin’s second method, which 
do not conform. No explanation of this discrepancy has as 
yet been established. 


Displacements Determined by 
Airy’s Stress Function! 


V. P. Jensen.? When formulating on Airy’s stress function 
by synthesis or by a mapping procedure, it is essential to investi- 
gate the displacements. Equations [14] or [12] of the paper are 
then particularly useful. For example Féppl’s** transformation 
procedure leads from simple tension in the direction of y to a 
state of stress represented by an Airy’s function 


where z and z are conjugate complex variables 

where 
z—a 


Z, is conjugate to Z;, and A and a are constants. 
coordinates a, 8, defined by the relation 


Z = + Wy =A log [28] 


In curvilinear 


and shown in Fig. 1 of this discussion, the stresses may be deter- 
mined to be 


a+ is = log {29} 


A 
ga = — sinh? a 
a 


. 


2A A 
= (cosh cos 8 — 1) — a 


tap = 0 


From these stresses, without an investigation of displacements, 
one might erroneously surmise that the stress situation was repre- 


® Refer to Bibliography (3) of paper. 

7 Refer to Bibliography (1) of paper. 

1 Paper by H. M. Westergaard, published in the March, 1941, 
issue of the JouRNAL or AppLiep Mecnanics, Trans. A.S.M.E., 
vol. 63, p. A-1. 

* Special Research Assistant Professor of Theoretical and Ap- 
plied Mechanics, University of Illinois, Urbana, III. 

*“Konforme Abbildung ebener Spannungszustiinde,” by L 
Féppl, Zeit. fiir angewandte Mathematik und Mechanik, vol. 11, 
1931, pp. 81-92. 

‘“The Application of Conformal Transformation Theory to the 
Determination of Stress Problems,’’ by V. P. Jensen, Doctoral 
Dissertation, Iowa State College, 1936. (Library of Iowa State 
College, Ames, Iowa.) 
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sented by a circular disk with an eccentric hole, loaded by con- 
stant normal stresses on the inner and outer boundaries. How- 
ever, the displacement function, Equation [14] of the paper, 
which may be written in the form 


2] 


shows that a complete circuit around either of the points (a, 0) 
or (—a, 0) results in a changed value of ». In other words, the 


x 
Fic. 2 


ring is split. From Equation [12], the relative vertical dis- 
placement of the ends of a cut on the z axis may be found to be 


4rA 


Referring to the equivalence of the author’s Equation [14] and 
the form given by Equation [31] of this discussion, it may be 
shown that the function, defined as 


is identical with the function defined by the writer* * as 


’“‘An Application of Derivatives of Non-Analytic Functions in 
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Certain properties of this function are of interest and may be 
described as follows: 

The total derivative of H with respect to z is a function of the 
angle @ which the vector dz = dx + idy makes with the z axis. 
This directional derivative is defined® as 


aH _ 2H 2H 
As defined, @ is the angle between the z axis and the tangent to 
the are along which the derivative is taken. It is found that 


where 
cos 26 — Ty Sin 20 


sin 20 + r,, cos 20 


Therefore 


is the vector corresponding to the resultant unit stress acting on 
an element of arc, as shown in Fig. 2 of this discussion. This 
property and its corollaries are stated as follows: 

(a) The directional derivative of tH, taken tangent to any 
arc, is the resultant unit stress acting on that arc. 

(b) The directional derivative of H, taken tangent to a stress 
trajectory, is real. Conversely, if the directional derivative of 
H, taken tangent to an arc, is real everywhere on the arc, then 
the arc is a stress trajectory. 

(c) The directional derivative of H, taken tangent to a stress- 
free boundary, vanishes everywhere along that boundary. 

These properties are useful in discussing the nature of stresses 
on curvilinear boundaries. In particular they permit the investi- 
gation of the boundary stresses which arise through the applica- 
tion of various arbitrary mapping procedures such as that used 
by Féppl.* An illustration of their application is to be found 
in the paper’ mentioned previously. 


Errata 


N Equations [23a] and [28] on page A-121 of the September, 
1940, issue of the JourNaL or AppLiep Mecuanics, in the 
paper “Torsional Vibration in Geared-Turbihe Propulsion Equip- 
ment,” the expression jD,w should be preceded by a minus sign 
and not a plus. 
6“Non-Analytic Functions of a Complex Variable,’’ by E. R. 


Hedrick, Bulletin of the American Mathematical Society, vol. 39, 
1933, pp. 75-96. 
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Vibration of Rail and Road Vehicles 


ViBRATION OF Rait AND Roap Veuicies. By B.S. Cain. Pitman 
Publishing Corporation, New York, N. Y., 1940. Cloth, 5'/2 
83/, in., iv and 258 pp., 163 figs., $5. 


REVIEWED BY B. F, Lancer! 


HERE has been much theorizing done on the subject of 

vehicle vibrations, but too often the theorizers have had little 
opportunity to test out their conclusions, and engineers with 
practical experience have lacked either time or ability to corre- 
late and generalize their knowledge. Mr. Cain is one of the few 
railroad engineers in this country who has both the ability to 
theorize and the opportunity to test his conclusions. He has 
been with the transportation-engineering department of the 
General Electric Company for almost fifteen years and has spe- 
cialized on the mechanical design of electric locomotives. 

The purpose of the book and the level on which it is written 
are best given by a quotation from the Preface, ‘‘The book has 
been written with the hope that it may help vehicle engineers 
and vibration specialists to appreciate each other’s problems and 
points of view. For this reason the simple general principles 
are given whenever possible with only very elementary mathe- 
matics; but more complicated subjects, requiring more advanced 
mathematics, are also included.” 

Mr. Cain’s book was badly needed. Few books have been writ- 
ten on railway mechanics during the last several years, and peri- 
odical literature has contained many papers of questionable value. 

Part 1 gives a brief outline of the fundamental principles of 
mechanics and vibration theory, as well as chapters on helical 
springs, rubber springs, and riding comfort. The chapter on 
riding comfort is a summary of the extensive work done on that 
subject at Purdue University. Sufficient mention is made of 
some of the more advanced problems in vibration theory to 
acquaint the reader with their existence, but the treatments are 
necessarily brief. A chapter on ‘Solution of Differential Equa- 
tions” is based on Heaviside’s operational method and Graeffe’s 
method of solving equations. 

Part 2 on “‘Automobiles”’ gives a good outline of the fundamen- 
tals, but appears superficial compared to the material on rail 
vehicles which follows. The subjects treated are static and 
dynamic measurements, spring suspension and weight distribu- 
tion, shimmy, and engine mounting. A section on shock ab- 
sorbers states the basic requirements and points out the advan- 
tages of inertia control. The part on engine mounting gives the 
principles of ‘floating power.” 

Part 3 on “Streetcars” describes the work of the Electric 
Railway Presidents’ Conference Committee and the develop- 
ment of the PCC car which has been used so extensively in this 
country during the last few years. The principal features of this 
car from the mechanical standpoint are its flexible wheels and 
rubber springs. Tests on flexible wheels and body vibrations are 
described in some detail. Starting and stopping characteristics 
have been materially improved by study of the spring suspen- 
sion and refinement of the electric control and braking systems. 

In Part 4 on “Railroad Vehicles” the author reaches the sub- 
ject on which he can best write with authority. The outstanding 
feature of this section is the success with which the author has 
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taken the old work done on the subject, combined it with more 
recent studies, including his own, and emerged with a coherent 
picture of how rail vehicles should be designed. The problem 
is not a simple one. There are many different types of rail vehi- 
cle, ranging from the rigid-frame locomotive to the lightweight 
car with swivel trucks, and each one is subject to a different set 
of troubles. Some bad mistakes in vehicle design have been 
made because of too much confidence being placed in one par- 
ticular line of attack. For example, the idea crops up periodically 
that the coning of wheel tires is the primary cause of lateral os- 
cillations and that cylindrical treads are the cure-all. Mr. Cain 
tells us on which type of vehicle cylindrical treads may be helpful 
and on which type they will not help. 

The subjects treated in Part 4 include the motion of trucks on 
straight and curved tracks, frequency of vibration of locomotives, 
railway passenger cars, vibration of car bodies, and rail vibra- 
tion. In all cases the theoretical background is given when it has 
been found to give a true picture of actual conditions. In cases 
where no theoretical approach has led to practical results the 
author draws on his experience to give such rules as he can. 
Considerable space is devoted to the derivation of formulas for 
the critical speed of vehicles based on the energy method. The 
use uf this space is justified, because the formulas for the critical 
speeds of locomotives with two and three wheel bases have not 
previously been published. The reader will find very little on the 
subject of the vibration problems peculiar to steam locomotives. 
The author evidently feels that the existing literature on this 
subject is adequate. 

The reviewer thinks the author has been successful in achieving 
his expressed purpose of helping vehicle engineers and vibration 
specialists. Both will find much in this book to interest them. 


Temperature 


TEMPERATURE—Its Measurement and Control in Science and Indus- 
try. Papers presented at a Symposium held in New York City, 
November, 1939, under the auspices of the American Institute of 
Physics with the cooperation of National Bureau of Standards, 
National Research Council, and other committees. Reinhold Pub- 
lishing Corporation, New York, N. Y., 1941. Cloth, 6 X 9 in., 
xiii and 1362 pp., $11. 


REVIEWED BY JOSEPH KayYrE? 


SCIENTIFIC discovery often outdistances the corresponding 
industrial advance until a situation arises when improve- 
ment in efficiency of a particular process would be of such value 
that the new facts can be ignored no longer. It is strikingly ap- 
parent, however, that present-day industry appreciates the im- 
portance of keeping abreast of the latest developments in the 
measurement and control of temperature. Mere perusal of the 
table of contents is sufficient to convince one that this appre- 
ciation is a fundamental one, common to science and to industry. 
This book is a carefully prepared record of a “Symposium on 
Temperature—Its Measurement and Control in Science and 
Industry,” which was held in New York, November, 1939, under 
the auspices of the American Institute of Physics. Many other 
national societies, including the A.S.M.E., cooperated in the 
formulation of the program of the Symposium. The book con- 
tains approximately 125 papers, some with quite extensive bibli- 
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ographies, written by experts in various fields, and on subjects 
as different as the fundamental concept of temperature and the 
thermal prospecting for oil. In addition, the book contains dis- 
cussions of some of the papers, a collection of 25 useful tables of 
data relating to temperature, a glossary of technical terms, and 
30 pages of well-prepared author and subject indexes with many 
cross references. Many of the papers include a review of the 
earlier work in the same field, thus bringing the topics up to date. 
The arrangement of the papers, differing from that of the Sym- 
posium, has been designed to make a convenient reference book. 

Many engineers would not consider the first six chapters of the 
book to be very useful. The titles of these chapters are: Tem- 
perature and temperature scales, precision thermometry, edu- 
cation, natural sciences, temperature in biology, temperature and 
its regulation in man. On the other haad, most engineers would 
find the contents of the remaining seven chapters to be of great 
utility in their work. The titles of these chapters are: Auto- 
matic temperature regulation and recording, special applications 
and methods, general engineering, metals and ceramic industries, 
oil industries, optical and radiation pyrometry, thermometric 
metals and alloys. The subject matter of the last seven chapters 
is sufficiently extensive so that engineers could obtain valuable, 
up-to-date information on their own particular problems. To 
illustrate, the following subtitles were selected at random from 
the contents of these chapters: Gas-temperature measurement 
and the high-velocity thermocouple, temperature measurements 
in air conditioning, thermocouples for testing steam turbines, 
temperature measurements in ceramics, temperature in oil wells. 

It is sufficient to note that a variety of symbols for technical 
terms should be expected from the multitude of authors. For use 
as a reference book, the volume has a shortcoming, in that it is 
a collection of papers, and therefore does not possess the com- 
pleteness nor continuity usually found in a reference book. On 
the other hand, here is an outstanding example of effective coop- 
eration of many individuals and societies, engaged in widely 
separated fields of endeavor; furthermore, it represents a con- 
siderable effort on the part of all when one realizes the high qual- 
ity attained in the papers. It can be strongly recommended as 
a useful reference book in its field. 


Engineering Kinematics 
REVIEWED By I. H. PRAGEMAN?® 


The Macmillan 
Cloth, 6 X 9in., xi and 310 


ENGINEERING Kinematics. By Alvin Sloane. 
Company, New York, N. Y., 1941. 
pp., $4. 

NGINEERING Kinematics by Alvin Sloane, assistant 
professor of mechanical engineering at Massachusetts In- 
stitute of Technology uses a different method of presenting 
material than the ordinary textbook of kinematics. Displace- 
ment, velocity, and acceleration of machine parts are presented 
as chapter headings and under these three headings is presented 
all of the subject matter such as linkages, cams, gears, screws, 
belts, and chains that are usually given separate chapter head- 
ings. The author believes this pedagogical approach to the sub- 
ject to be the correct one. Since the concepts of displacement, 
velocity, and acceleration are the fundamentals of the subject, 
emphasis should be placed, he believes, upon these concepts 
rather than upon the various mechanisms in which these con- 

cepts are used. The chapter on velocity is long and covers 188 

pages of the book’s 310 pages. The book contains no new mate- 

rial beyond that usually covered in textbooks of mechanism and 
its usefulness is dependent upon its new method of presentation. 
The author has been painstaking in all of the discussions and 


3 Associate Professor of Mechanical Engineering, University of 
Maine, Orono, Maine. Mem. A.S.M.E. 
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has endeavored to omit the term, “It is obvious that,’’ which is 
found in many textbooks. He has also repeated certain essen- 
tials with the idea that with enough repetition these essentials 
will be firmly entrenched in the mind of the student. 

Two other chapters, one on vectors and the other on motion, 
make up the main body of the text. As graphical solutions are 
used to a great extent in the text, the chapter on vectors is neces- 
sary. Vector addition and vector subtraction are discussed. 
Resolution using the components of vectors is also described. 

The chapter on motion is entirely descriptive and in it the 
author describes some of the common machine parts. It gives 
an introduction to later chapters. 

The book presupposes that the student has a knowledge of 
the elementary calculus as this instrument is used throughout the 
book. There are numerous well-selected problems placed at the 
end of articles rather than at the end of chapters or at the end of 
the text. 

The text is well written and, I believe, well adapted for teach- 
ing. It is not so well adapted for a reference book because such 
specific items as cams, gears, ete., are not grouped together but 
are scattered throughout the book to illustrate the three funda- 
mentals, displacement, velocity, and acceleration. 


Mathematics 


FourrerR SERIES AND BounpARY VALUE PRroBLEMs. By Ruel V 
Churchill, Associate Professor of Mathematics, University of 
Michigan. First edition. McGraw-Hill Book Company, Inc., 
New York, N. Y., 1941. Cloth, 6 X 9 in., ix and 206 pp., $2.50. 


REVIEWED BY ALBERT FE. Hers‘ 


URIER Series and Boundary Value Problems,” by R. V. 

Churchill is an intermediate text for students of mathe- 
matics, physics, and the more mathematical phases of the engi- 
neering sciences. Its objectives are twofold: First the author 
desires to acquaint the student with classical methods of ob- 
taining solutions to boundary-value problems in heat conduction, 
vibration theory, and potential theory. Second, a more thorough 
mathematical treatment is sought than is to be found in the 
average text on advanced calculus. 

With this point of view in mind, Professor Churchill discusses 
the solution of a certain group of ordinary linear differential 
equations and their associated boundary-value problems. This 
leads him to discuss such topics as Sturm-Liouville differential 
equations, Fourier series, Bessel functions, Legendre poly- 
nominals, and so on. A wide variety of physical problems with 
a common mathematical meeting ground is solved with the aid 
of these tools; to name a few, the conduction of heat in a bar and 
a cylinder, the vibration of a string and a membrane, etc. In 
addition to obtaining the formal solutions of these problems, he 
investigates the mathematical validity of these solutions, i.c., 
convergence, uniqueness, etc. 

The material in the book is well organized. The physical 
significance of the various partial differential equations which the 
author solves is explained. Numerous exercises have been set 
for the student, some of which are extensions of the text, while 
others are more original. This text by Churchill is certainly an 
advance over many of the existing texts on this subject matter. 
The reviewer wishes that more of the students who have need to 
study mathematical methods for engineering or physics could 
use a book of this type. The proofs and discussions are so con- 
structed that this material may be made to follow an elementary 
course in differential equations. The book is a good reference 
text for the beginning students of theoretical physics, vibration 
problems, heat transmission, and applied electrodynamics. 


‘ Assistant Professor of Mathematics, Purdue University, Lafay- 
ette, Ind. 


. 
: 
= 
“3 
a 
q 
ik 
> 


IN TWO SECTIONS—SECTION TWO 


of the 


A.S.M.E. 


SOCIETY RECORDS—PART 1 


William A. Hanley, President of The American Society of 
Mechanical Engineers, and Biography 


Council and Committee Personnel. 


Officers and Council............ 
Standing Committees........... 


Special Committees............. 


Special Council Committees..... 

A.S.M.E. Representatives on 
Other Activities............. 

Professional Divisions.......... 


7 Research Committees................. 25 
Standardization Committees.......... 27 

Power Test Codes Committees........ 53 
: . 10 Boiler Code Committees.............. 37 


Woman’s Auxiliary to the 


Honorary Members and Past-Presidents............-ccececccesecccccccccccccccecs RI-42 


Index to Society Records......... 


FEBRUARY, 1941 


VOL. 63, NO. 2 


= 
| 
| 
3 
| 
| 
: 
Ne 
| 
a 
| 
eeeee 
| 
| 
| 
| 
= 
€ 
| 
| 
| 
| 
| 
| 


Transactions 


of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


Wiruram A. Hantey, President 


W. D. Ennis, Treasurer C. E. Davigs, Secretary 


COMMITTEE ON PUBLICATIONS: 


C. B. Pecx, Chairman 
F. L. BrapLey A. R. Srevenson, JR. 


C. R. SoperRBERG E. J. Kates 
Gerorce A. Srerson, Editor 


ADVISORY MEMBERS OF THE COMMITTEE ON PUBLICATIONS: 


W. L. Duptey, N. C. Esaucu, Fra. O. B. Scuier, 2Np, New York, N. Y. 


Junior Members 


C. C. Kirsy, New York, N. Y. F. H. Fowter, Jr., Cacpwe tt, N. J. 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and Northampton Streets, Easton, Pa. The editorial 
i i N. Y. Cable address, “Dynamic,” New York. Price $1.50 


department located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York, a ) 
a copy, $12.00 a year; to members and affiliates, $1.00 a copy, $7.50 ayear. Changes of address must be received at Society headquarters two weeks before 
they are to be effective on the mailing list. Please send old as well as new address.... By-Law: The Society shall not be responsible for statements or opin- 
ions advanced in papers or .... printed in its publications (B13, Par. 4).... Entered as second-class matter March 2, 1928, at the Post Office at Easton, P2., 5 


under the Act of August 24, 1912.... Copyrighted, 1941, by The American Society of Mechanical Engineers. 


| 
SS 
ES 
3 
4 
q 


Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1941, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Another, to be issued 
sometime later in the year, will contain memorial notices of deceased members. 
The indexes to miscellaneous publications, J/echanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1942, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1941 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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William A. Hanley 


William Andrew Hanley, mechanical engineer and business executive, of Indian- 
apolis, Ind., President of The American Society of Mechanical Engineers for the 
year 1940-1941, was born in Greencastle, Ind., in 1886. He attended St. Joseph's 
College, Rensselaer, Ind., for two years and then matriculated at Purdue University, 
where he received the degree of Bachelor of Science in mechanical engineering in 1911. 
Twenty-six years later, his alma mater bestowed upon him the honorary degree of 
Doctor of Engineering. 

Prior to attending Purdue University, Mr. Hanley worked five vears for the Re- 
public Steel Corporation and the Broderick Boiler Company, both in Muncie, Ind. 
L.imediately after graduation, he entered the employ of Eli Lilly and Company, of 
Indianapolis, manufacturers of medicinal products. Today he is a director of that 
company and head of the engineering division. This division designs and supervises 
all engineering projects, construction, power, maintenance, etc., for the corporation, 
its branches and subsidiaries, and, in addition, operates certain highly mechanized 
production departments. In 1938-1959, Mr. Hanley spent much time in Basingstoke, 
England, building a new manufacturing plant for the British subsidiary of the Lilly 
company. 

Mr. Hanley was elected an Associate-Member of the A.S.M.E. in 1913, promoted 
to full membership in 1920, and made a Fellow in 1936. In 1916, he was one of the 
organizers and the first secretary of the Central Indiana Section. In 1919, the local 
members elected him chairman of the Section. The following vear saw the beginning 
of many vears of service by him in the activities and affairs of the parent body with 
his acceptance of an appointment as one of the A.S.M.E. representatives on the 
American Engineering Council. During the period from 1922 to 1927, he served on 
the Committee on Local Sections and, from 1935 to 1938, on the Committee on 
Relations With Colleges. In 1927, he was elected to a three-year term as a Manager 
of the Society and, in 1930, to a two-year term as Vice-President. Other A.S.M.E. 
activities in which he has taken a part include the Special Committee on Junior 
Participation, Special Committee on Relationship of Society to Accrediting Program, 
and Committee on Medals. 

Over a long period of years Mr. Hanley has contributed to the technical press a 
number of articles on both engineering and economic subjects. He is a past-president 
of the Indiana Engineering Council, an honorary member of Tau Beta Pi, a member 
of the Newcomen Society of England, and a fellow of the American Association for 
the Advancement of Science. He is also a trustee of Purdue University, of Park 
School of Indianapolis, of the Sigma Phi Epsilon Fraternity (national), and of the 
Associated Catholic Charities of Indianapolis. 
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W. F. CarHart 


W.S. MAGALHAES 
W. B. OAKLEY, JR. 


Chairmen of Committees on Local Sections 
and Relations With Colleges, Ex-Officio 


ENGINEERS’ CIVIC RESPONSI- 
BILITIES 
A. R. CULLIMORE, Chairman 
LILLIAN M. GILBRETU 
WALTER Kipper 
H. B. Oatley 
J. W. Ror 
W. HL. WINTERROWD 
hoy V. Wricut 
D. Ropert YARNALL 


Chairmen of Committees on Loeal Sections 
and Relations With Colleges, Ex-Officio 


FREEMAN FUND 
CLARKE FREEMAN, Chairman 
C. HutrcHinson 
Gero. A. ORROK 


LEADERSHIP IN PROFESSIONAL 
DIVISIONS 
ALFRED IpDLES, Chairman 
Kk. H. Conorr 
LINN HELANDER 
FRANCIS HopGKINSON 
W. R. Woorricn 


NATIONAL DEFENSE 
J. L. Wausu, Chairman 
C. FE. Davies, Secretary 
Advisory Members 


W. L. Batr 
GANO DUNN 
E. A. MULLER 


Army and Navy Members 


A. B. ANDERSON (Navy) 
H. K. RuTHerFrorp (Army) 


(Dates in parentheses denote expiration of terms) 


NATIONAL DEFENSE 
(Continued) 


General Committee 


C. E. 
H. V. Cores 

IL. Conpir 
J.D. CUNNINGHAM 
H. N. Davis 

C. DicKERMAN 
W. F. Duranpb 
E. FLANDERS 
K. T. KELLER 
Davip LARKIN 
F. Lercnrretp 
T. A. MorGan 
C. Murr 

MurRAyY 
W. |. WesTeRvVELT 
A. C. WILLARD 


REGISTRATION 
V. M. PALMER, Chairman 
S. H. Grar 
J. A. McPHERSON 
H. Proury 
W. Kk. StmMPson 


SOCIETY OFFICE OPERATION 
ALFRED IpDLES, Chairman 


WALLACE CLARK 
W. HL. 


FREDERICK W. TAYLOR MEMORIAL 


L. P. ALFORD 
M. L. Cooke 
H. N. Davis 
T. Kener 


GEORGE WESTINGHOUSE BUST 


D. S. KIMBALL, Chairman 
C. Davies, Secretary 
K. 'T. 

S. W. DupLey 

C. N. LAUER 

W. G. MARSHALL 

J. H. McGraw 

L. A. OsBorNE 

C. F. Scorr 

J. B. Wrigut 

Roy V. Wricur 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


Nee also AWN ME. Representatives on Other Research Committees, ete. 


(Dates in parentheses denote 


AMERICAN ASSOCTATION FOR THE 
ADVANCEMENT OF SCIENCE 
SECTION M, ENGINEERING 
R. F. GAGG 
R. L. SACKETT 


AMERICAN STANDARDS 
ASSOCTATION 
\. L. Baker (1942) 
Aterep Ippies (1943) 


Alternates 


B. LePage (1941) 
MUELLER (1941) 


AMERICAN YEAR BOOK 
CORPORATION 
C. E. Davies 


CENTER FOR SAFETY 
EDUCATION 
J.B. CHALMERS 


COAL TESTING CODE 
JOINT COMMITTEE WITH THE A.I.M.E. 


KR. L. Rowan, Chairman 
J. BARKLEY 

RK. A. FoRESMAN 

. HLARDGROVE 

T. A. MarsH 

A. R. Mu MrForp * 

Percy NICHOLLS 

R. A. SHERMAN 

L. A. SHIPMAN 

A. W. THorson 


THOMAS ALVA EDISON 
FOUNDATION 
Warer Kippe 
THE ENGINEERING FOUNDATION 
K. Il. Conpir (1943) 


A. A. Porrer (1943) 
W. HH. FULWEILER (1944) 


RESEARCH PROCEDURE COM MITTEE 


W. H. FULWEILER (1941) 
ENGINEERING HISTORY 
Gro. A. OrroK 


J. W. Rog 


ENGINEERING SOCIETIES LIBRARY 
BOARD 
JouN BLizarp 
EK. F. 
A. R. MuMProrp 
Sceretary, A.S.M.E., Ex-Officio 
ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 
J. Kates 
G. B. KARELITZ 
“ Also represents Power Test Codes Com- 
mittee, 


ENGINEERING SOCIETIES 
NEL SERVICE, INC., 


Ernest Hartrorp, National Board 

R. D. BrizzoLcara, Chicago Board 

C. J. Freunp, Detroit Board 

ERNeEstT Hartrorp, Chairman, 

S. R. Dows, San Francisco Board 


Metropolitan 


ENGINEERS’ COUNCIL FOR PROFES- 
SIONAL DEVELOPMENT 


H. Wootson (1941) 
R. L. Sackerr (1942) 


A. R. STEVENSON, JR. (1943) 


ENGINEERS’ NATIONAL RELIEF 
FUND 


ERNEST HARTFORD 


JOHN FRITZ MEDAL 
AWARD 


J. H. Herron (1941) 
Hl. N. Davis (1942) 

A. G. CuRISTIE (1943) 
W. H. McBrypr (1944) 


BOARD OF 


FUEL VALUES 


JOINT COMMITTEE WITH THE A.I.M.E. 
A. D. BAILey 
E. H. Barry 
F. M. Gipson 
H. Drake HARKINS 
J. C. Hopss 
A. L. PENNIMAN, JR. 
B. Ricketts 
E. H. TENNEY 
GANTT MEDAL BOARD OF AWARD 


L. C. Morrow (1941) 
LILLIAN M. (1942) 
L. ALrorp (1943) 


GUGGENHEIM MEDAL 
FUND, INC. 


DANIEL 


I. A. Sperry, Jr. (1941) 
ALEX. KLEMIN (1942) 
. F. Gage | 1943) 


A. HOLMES SAFETY 
ASSOCIATION 


F. BARKLEY 


JOSEPH 


HOOVER MEDAL BOARD OF AWARD 


W. H. Kenerson (1941) 
S. F. Voorners (1943) 
W. L. (1945) 


PERSON- 


. pages RI-26, 21, 34, 35, 38 


expiration of terms) 


INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 


U.S. NATIONAL COM MITTEE 
Hl. N. Davis 
L DISERENS 
Francis HopGKINSON 
Aternate 


C. Harotp Berry 


MARSTON 


Gro. A. ORROK 


AWARD 


NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


\V. M. PALMER 


NATIONAL CONFERENCE ON 
NEERING POSITIONS 

W. F. CarHart 

W. L. CISLER 

H. B. OATLEY 

R. L. Sackerr 


ENGI- 


NATIONAL FIRE 
J. A. NEALE 


WASTE COUNCIL 


NATIONAL MANAGEMENT COUNCIL 


L. C. Morrow (1942)—J. R. BAnG6s, Alter- 
nate 

L. P. ALForp (1943)—-C. W. Lyte. Alter- 
nate 

J. M. Tarsor (1944)—-H. B. Bereen, Al- 


ternate 

NATIONAL RESEARCH COUNCIL 

DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 

W. L. Barr (1942) 

ALFRED NOBLE PRIZE 

A. M. GREENE, JR. 

UNITED ENGINEERING 

INC. 
H. A. LARDNER (1942) 


WALTER KippeE (1943) 
K. H. Conpir (1944) 


TRUSTEES, 


VERMILYE MEDAL ADVISORY 
COMMITTEE 


R. A. WENTWORTH 


WASHINGTON AWARD COMMISSION 


W. L. Asporr (1941) 
B. NoLte (1942) 
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ArricLeE Par. 16: 
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PROFESSIONAL DIVISIONS 


The Standing Committee on Professional Divisions shall, under the 


direction of the Council, have supervision of the Professional Divisions of the Society. 


STANDING COMMITTEE 


Vicror WichuM, Chairman (1941) 
G. B. KARELITZ (1942) 

W. A. CARTER (1943) 

L. H. Fry (1944) 

J. H. SENGSTAKEN (1945) 


Junior Advisers 


A. EF. Biirer (1941) 
H. B. FERNALD, Jr. (1942) 


Aeronautic 


Organized, 1920 


C. H. DoLan, Il. Chairman 


EXECUTIVE COMMITTEE 


C. H. Doran, IT, Chairman 
J. M. Clark, Necretary 

E. E. ALprin 

2. F. Gace 

J. E. YOUNGER 


Junior Advisers 


F. H. Fow er, JR. 
IiERBERT KUNEN 


ADVISORY COMMITTEE 


KARL ARNSTEIN 
CARL BREER 

E. C. CLARKE 

H. M. CRANE 
Louis DEFLOREZ 
W. F. 

A. J. GIFFORD 

M. B. Gorpon 
WILLIAM HovGAarpD 
J.C. HUNSAKER 

P. G. JOHNSON 

C. F. 
ALEX. KLEMIN 

R. K. LEBLonp 

W. B. Mayo 

P. B. MorGan 

T. A. MorGan 

S. A. Moss 

E. A. SPERRY 

A. R. STEVENSON, JR. 
J. G. VINCENT 
THEO. VON KARMAN 
C. J. Warp 

E. P. WARNER 

B. M. Woops 
ORVILLE WRIGHT 


Ammunition 


(Professional Group) 


Organized, 1940 


Committee to be appointed 


Applied Mechanics 


Organized, 1927 


J.P. Den Harroc, Chairman 


EXECUTIVE COMMITTEE 
J.P. Den Harrog, Chairman 
H. L. Dryden, Secretary 
J. H. KEENAN 
JESSE ORMONDROYD 
B. M. Woops 


Associates 
RvuPEN EKSERGIAN 
J C. HUNSAKER 
A. L. KIMBALL 
F. M. Lewis 
G. B. 
C. R. SopERBERG 
O. WATERS 
Hl. M. WeEstTERGAARD 


Representative on Aviation Liaison Group 


J. C. HUNSAKER 


Research Secretary 


JESSE ORMONDROYD 


JOURNAL OF APPLIED MECHANICS 
J. M. Lesseitis, Editor 


SPONSORS 


Dynamics, FE. L. THEARLE 

Elasticity, STEPHEN TIMOSHENKO 
Fluid Mechanics, H. L. DrypEN 
Lubrication, G. B. KaARELITz 
Plasticity, A. NADAI 

Strength of Materials, R. Pererson 
Thermodynamics, J. A. Gorr 


Fuels 


Organized, 1920 


G. Curisty, Chairman 


EXECUTIVE COMMITTEE 
WILLIAM G. Crristy, Chairman 
D. C. Weeks, Necretary 
O. F. CAMPBELL, Representative on Avia- 
tion Liaison Group 
H. F. HeEBLEY 
A. R. Mu 
A. W. THorson 


Associates 


. BARKLEY 

. BENNETT, 3RD 
. CLEGHORN 
J. Cross 

. ENGLE 

S. FRANK 

KAISER 

. MARSH 

A. MAYERS 
L. Rowan 

E. ToBey 

. C. WEEKS 


COOPERATION WITH 


J. Toney, Chairman 


MODEL SMOKE LAW 


J. FL BARKLEY, Chairman 
O. F. CAMPBELL 

A. CHRISTIE 

WILLIAM G. CHrreisty 

T. A. Marsu 

T. E. 

R. A. SHERMAN 

R. R. Tucker 


PROGRAM 


A.W. Trrorson, Chairman 
S. PRANK, Assistant Chairman 
R. Katser, Junior Member 


REVIEW OF PAPERS 
WILLIAM G. Curistry 
M. D. ENGLE 
A. W. Trtorson 
D. C. WEEKS 


Graphic Arts 
Organized, 1922 
EXECUTIVE COMMITTEE 


T. DALTON, Neeretary 
A. E. 

W. Hoon 

W. B. Laveuron 

R. G. MacDonatp 

W. M. Passano 

B. L. Srres 

B. D. STEVENS 

B. L. Horr 


Heat Transfer 
(Professional Group) 
Organized, 1938 


D. Grimison, Chairman 
W. S. PArrerson, Group Secretary 


EXECUTIVE COMMITTEI 
D. Grimson, Chairman 
T. B. Drew 
L. M. K. Boe._rer 
R. A. BowMAN 
H. C. Horren, 


Advisory Associates 
C. E. Lucker 
A. K. Scorr 
J. H. SENGSTAKEN 


Junior Representatives 


J. L. MENSON 
R. H. 


> 
Sits, 
| 
| 
| 
| 
4 


Heat Transfer 
(Continued 
COORDINATION 


PATTERSON 


Liaison Officer for Local Nections 


ALK. Scort 


Representative on Aviation Liaisoi 


L. M. K 


(froup 


BOELTER 


Re ntatives of Other Divisions 


Fuels, B. J. Cross 

Hvydraulie, J. D. Scovinu 

Tron and Steel, W. TRINKS 

Oi] and Gas Power, F. G. Hrcnier 
Petroleum, J. D. PETERSON 

Power, O. F. CAMPBELL 

Process Industries, ARNOLD WEISSELBERG 
Railroad, L. H. Fry 


Research Neere tary 


Drew 


Vembers at Large 


L. M. K. BoELTER 
R. HH. 
G. L. 


DIRECT-FIRED FLUID 
AND BOILERS 


HEATERS 


E. D. Grimison, Chairman 
JOHN BLIZARD 

D. S. FRANK 

L. B. SCHUELLER 

W. J. WoHLENBERG 


INDUSTRIAL FURNACES AND KILNS 


W. Trinks, Chairman 
H. ©.) Horren 
TickNOR 


PAPERS 


W. 1. De BAvERE, Chairman 
R. A. BowMAN 

C. F. KAYAn 

A. WK. Scorr 

R. A. SHERMAN 


TESTING TECHNIQUE 


H. Horren, Chairman 
B. J. Cross 

R. H. Jackson 

J. Rusuron 

A. K. Scorr 


THEORY AND FUNDAMENTAL 


RESEARCH 


L. M. K. Chairman 
A. P. CoLBuRN 

T. B. Drew 

Max 

D. D. Srreip 


A.S.M.E 
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THERMO-PHYSICAL PROPERTIES 
OF MATERIALS 

Norris, Chairman 

O. KENNETH BATES 

T. HL. 

hk. C. H. 

Max JAKos 

R. J. S. Picort 

J. F. DowNte 


SUBCOMMITTEE ON SpeEcIFIC OF GASES 


Max JAKos, Chairman 
W. L. De BAUFRE 

J. A. Gorr 

A. C. GULLIKSON 

C. H. 

J. S. Prcort 

L. SWEIGERI 


UNFIRED HEAT TRANSFER 
EQUIPMENT 
R. A. BowMAN, Chairman 
W. E. BELINE 
A. C. MUELLER 
3. Srorr 
TOWNSEND TINKER 


Hydraulic 
Organized, 1926 


Kk. B. SrrowGer, Chairman 


EXECUTIVE COMMITTEE 
STROWGER, Chairman 

Tlooper, Secretary 
M. P. O’Brren 


J. D. 
F. G. Switzer 
R. V. Terry 


CAVITATION 
B. SrrowGer, Nponsor 
L. F. Moopy. Chairman 
R. T. KNAPP 
\louSSON 
J. RHEINGANS 
G. F. 


Re presentatives of Other Nocieties 


American Society for Testing Materials, 
F. N. SPELLER 

Engineering Institute of 
Brow N 

Institution of Mechanical Engineers, G. S. 


BAKER 


Canada, ERNEST 


Representative of France 


A. TENOT 


HYDRAULIC PRIME MOVERS 


R. V. Terry, Sponsor 
J. F. Roperts, Chairman 
A, ABERLI 

H. CoLuins 

J. P. GROWDEN 

L. F. Harza 

P. L. 

GEORGE JESSUP 

F. H. Rogers 

F. ScHMIDT 

S. O. SCHOMBERGER 
S. H. Van PATTER 


RI-11 
PUMPING MACHINERY 
Switzer. Nponsor 
R. L. Davenerry, Chairman 
WATER HAMMER 
Hlonorary Chairman, Lorenzo ALLIEVI, 


Rome, Italy 


J. D. ScoviLLe, Sponsor 
S. Logan Kerr, Chairman 
N. R. Gisson 

IUGENE HALMOS 

L. F. Moopy 

S. Quiek 

k. B. STROWGER 


Affiliated Societies and Their 
Representatives 


American Society of Civil Engineers, N. R. 
Gipson and Forp Kurtz 

American Water Works Association, F. M. 
Dawson and L. H. Kessier 


Associate Members, Representing: 


Australia, George HicGins 

Brazil, A. W. K. BILtrnes and F. Knapp 

Engineering Institute of Canada, R. W. 
Ane@us and F. M. Woop 

France, Louris BERGERON and 
CAMICHEL 

Germany and Verein deutscher Ingenieure, 
D. THOMA 

Great Britain and Institution of Mechani- 
cal Engineers, E. Bruce Batu and A. H. 
GIBSON 

Italy, GAuDENzIO FANTOLI and 
PASINI 

Switzerland, 
SCHNYDER 


CHARLES 


ALBINO 


CHARLES JAEGER and 


Machine Shop Practice 
Organized, 1921 


Sou EINSTEIN, Chairman 


EXECUTIVE COMMITTEE 
Sout EINSTEIN, Chairman 
WARNER SEELY, Necretary 
E. W. ERNEST 
A. M. JOHNSON 
ERIK OBERG 


CUTTING METALS 


HANS ERNST, Chairman 


FOUNDRY PRACTICE 


JAMES THOMSON, Chairman 
R. E. Kennepy, Secretary 


LUBRICATION ENGINEERING 


B. G. TANG, Chairman 
C. M. Larson 
H. J. Masson 
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Machine Shop Practice 


(Continued ) 
MACHINE DESIGN 


E. O. Wavers,. Chairman 
A. FE. R. JONGE 

J. H. MARCHANT 

J. MARIN 


WELDING 


C. W. Opert, Chairman 


Management 
Organized, 1920 


H. B. Bergen. Chairman 


EXECUTIVE COMMITTEE 


H. B. BerGen, Chairman 

J. R. Banes, Jr.. Vice-Chairman 
G. M. VarGa, Secretary 

L. A. APPLEY 

J. M. 

ARCHIE WILLIAMS 


Representatives of Local Sections 


Atlanta, S. C. HALE 

Kansas, A. H. Stuss 
Louisville, C. D. ELpripGe 
Metropolitan, W. F. CArRHART 
Milwaukee, B. V. E. NorpBera 
Philadelphia, C. S. GorwaLs 
Seattle, H. J. McINtTyReE 


Junior Adviser 


F. R. KierRNAN 


Representative on Aviation Liaison Group 


R. E. 


Research Secretary 


. HEMPEL 


GENERAL COMMITTEE 


L. P. ALrorp 

M. Barnes 
W. L. 

C. W. BEESE 

F. B. BELL 
WALLACE CLARK 
H. V. Coes 

K. H. Conpit 
Howarp COONLEY 
N. E. Evsas 

S. P. FIsHer 

R. E. FLANDERS 
W. D. FULiLer 
W. H. GeseELL 
LILLIAN M. GILBRETH 
R. E. 
C. H. Hatcu 

E. H. HEMPEL 
P. E. Hoipen 
W. F. Hosrorp 
J. M. JuRAN 

D. S. KiIMBALL 
W. H. KusHnick 
T. S. McEwan 

L. C. Morrow 

A. J. PETERSON 
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GENERAL COMMITTEE 
(Continued) 


1D. B. PorTER 
F. E. RAYMOND 
J. W. Roe 

E. H. SCHELL 
EK. D. 

L. W. WALLACE 
J. E. YOUNGER 


COMMITTEE CHAIRMEN 


Administration Organization, L. A. APPLEY 
Industrial Marketing. J. R. BANGs, JR. 
Mathematical Statistics. A. 1. PETERSON 
Works Standardization, J. M. JURAN 


DEPRECIATION STUDIES 


H. V. Cores 
P. T. Norton, JR. 


Materials Handling 
Organized, 1920 


G. E. HAGEMANN, Chairman 


EXECUTIVE COMMITTEE 


G. HAGEMANN, Chairman 
R. B. RENNER. Vice-Chairman 
F. J. Sueparp, Secretary 
Distz 

J. A. JACKSON 

M. C. MAXWELL 


Associates 


N. W. ELMER 
H. C. KELLER 
R. H. McLain 
F. EF. Moore 
P. D. OFSTERLE 
E. D. Smitrn 
J. B. 


Junior Associates 


A. J. BURKE 
CORNELIUS CROWLEY 
E. Z. GABRIEL 

R. W. GRuNDMAN 
D. D. Jones 

PETER SHAW 


Metals Engineering 
(Formerly Iron and Steel) 
Organized, 1927 
Reorganized, 1940 


W. R. Chairman 


EXECUTIVE COMMITTEE 


W. R. WessterR, Chairman 
R. A. Nortu, Secretary 
J. A. CLAUSS 

G. L. Fisk 

J. H. Hireonucock 

W. TRINKS 


Associates 


A. J. BoYNTON 

S. M. MARSHALL 

B. C. MeFappen 

J. H. ROMANN 

M. D. Stone 

R. J. WEAN 

S. M. WrckstTEIN 
T. H. WIcKENDEN 


Oil and Gas Power 


Organized, 1921 


C. W. Goop, Chairman 


EXECUTIVE COMMITTEE 


C. W. Goon, Chairman 

L. N. Row ey, Necretary 
H. Dreier 

ik. S. DENNISON 

W. L. H. Dorie 

KF. G. HeCHLER 


Associates 


Rh. D. CAMPBELL 
G. J. DASHEFSKY 
L. R. Forp 


W. K. Gregory 
kK. J. Kates 

L. H. Morrison 

B. V. Norpbera 


M. J. Reep 
LEE SCHNEITTER 


Junior Adviser 


C. K. HoLLanp 


Research Necretary 


LEE SCHNEITTER 


Liaison Representatives 


American Society of Naval Architects an 


Marine Engineers, L. R. Forp 
Aviation Liaison Group, H. FE. Dreier 
Heat Transfer Group, F. G. HEcHLER 


EDITING 
EF. J. Kates 


ERNEST NIBBS 
M. J. Reep 


METROPOLITAN 


kK. J. KATES 
L. H. Morrison 
M. J. Reep 


SUBCOMMITTEE 


OIL ENGINE POWER COST 


H.C. 
m. 0, 
B. B. 


Masor, Chairman 
LENFEST, Secretary 
BACHMAN 

BOLSTER 

L. T. BRown 

R. D. CAMPBELL 

Hate Coppina 

W. J. CUMMING 
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OIL ENGINE POWER COST , 

I | ER I Power 

(Continued) 

E. J. Kates Organized, 1920 
A.B. Morgan 
J. 1. Moore 
G. D. NorLes 
VM. J. REED EXECUTIVE COMMITTEE 
(i. C. Eaton, Chairman 
JER SCH NEITTER L. M. Gotpsurn. Seeretary 


H. C. THUERK 
retary 


TRIMMER O. F. CAMPRBELI 
Wrient 
PING 


G. C. Eaton, Chairman 


Junior Advise 
Ol. AND GAS POWER CONFERENCES 
Robert HARrTIN 
1941 Arrangements Committee 


W. Goon, Chairman 

G. C. Boyer. Chairman, Kansas City Ar 
rangements Committee 

H. Dreier 


Process Industries 


Organized, 1934 
J. W. HUNTER, Chairman 


1942 Location and Nelection Committee 
w 1 EXECUTIVE COMMITTEE 
CW. J. W. Hunter, Chairman 
W. K. Grecory T. R. Onive, Neeretary 
‘THeopore BAU MEISTER, JR 
RricHarp O'MARA 
Ratscn 
A. F. SprrzGLass 
ARNOLD WEISSELBERG 
W. R. Woorricu 
J. 1. YELLOTT 
F. L. YERZLEY 


PUBLICITY 


L. H. Morrison 


TECHNICAL PROGRAM 


Liaison Officer With Standing Committee on 
Professional Divisions 


S. DENNISON, Chairman 
G. C. BoYverR 

W. L. H. Doyie J. H. SENGSTAKEN 
LEE SCHNEITTER 


Junior Adviser 
G. M. BEIscHER 
Petroleum 
Research Secretary 
° bal Qos 
2088 ARNOLD WEISSELBERG 
Reorganized, 1937 
Other Liaison Representatives 
W. F. Herpert, Chairman 
Aviation Liaison Group 
‘Industrial Instruments and Regulators 
Committee, FE. A. SPERRY 
Subdivision on Rubber and Plastics 
W. F. Bartror, Plastics 
F. L. Yerztey, Rubber 
Heat Transfer Group. ARNOLD WEISSELBERG 
Society of Automotive Engineers, F. L. 
YERZLEY 


EXECUTIVE COMMITTEE 
W. F. Herpert, Chairman 
W. H. Carson, 
H. R. AVERSWALD 
EK. H. Bartow 
H. L. 


COMMITTEE CHATRMEN 
GENERAL COMMITTEE 


Atlantic Group 


Air Conditioning, C. F. KAYAN 
Drying, ARNOLD WEISSELBERG 
Food Processing. G. L. MONTGOMERY 

Industrial Instruments and Regulators 
POE. PRANK E. S. Smirn, Chairman 

4 H. HAMILTON A. F. Sprrzaiass, Secretary 
D. 1 ETERSON J.C. Peters, Acting Secretary 

W. Manufactured Gas, G. M. BEISCHER 
Mechanical Separation, Ricuarp O’MARA 
Papers, Awards, and Honors, C. E. LucKEe 
Program, J. W. HUNTER 
Pulp and Paper, A. D. AsBuRY 
Sanitation, WILLIAM RAIscH 
Sugar, F. M. Gipson 
Sulphur, B. E. Suorr 
Vegetable Oils, R. W. Morton 


Mid-Continent Group 


H. A. AVERSWALD 
C. J. COBERLY 

W. HerBert 
J. 
W. H. Srveve 
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Subdivision on Rubber and 
Plastics 
EXECUTIVE COMMITTEE 


L. Chairman 

J. F. D. Smiru, Vice-Chairman 
(i. KLINE, Necretary 

W. F. Barror 

H. Haun 

L. E. Jermy 

R. A. Norti 

W. A. ZiInzow 


Railroad 


Organized, 1920 


A. I. Lieerz, Chairman 


EXECUTIVE COMMITTEE 


A. 1. Liverz, Chairman 
L. Seeretary 
J. G. ADATR 

D. S. ELiis 

Ro JACKSON 

W. M. SHEEHAN 


GENERAL COMMITTEE (RR2) 


A. 1. Liverz, Chairman 
H. P. ALLSTRAND 
B. S. Carn 

W. I. CANTLEY 

J. DAVENPORT 
L. B. Jones 

G. LIsTeR 

F. EF. Lyrorp 

Kk. F. Nystrom 

A. A. RAYMOND 
Joun ROBERTS 

R. W. SALISBURY 
W. C. SANDERS 
DENNISTOUN Woop 
Kk. G. Youne 

G. A. YouNG 


ADVISORY COMMITTEE (RR3) 


H. Fry 

G. W. RINK 

T. RIPLEY 

C. SCHMIDT 

W. H. WINTERROWD 


MEETINGS AND PAPERS (RR5) 


W. M. SuHeenan, Chairman 
W. L. CANTLEY 
. JACKSON 

RIPLey 


SURVEY (RR6) 


G. Youne6, Chairman 
B. S. CAIN 
K. F. Nystrom 


MEMBERSHIP (RR8) 


A. A. RayMonp, Chairman 
D. S. 

W. C. SANDERS 

W. M. SHEEHAN 

L. K. 
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Textile Wood Industries 


Organized, 1921 Organized, 1921 


A. D. Assury, Chairman C. B. Norris, Chairman 


EXECUTIVE COMMITTEE EXECUTIVE COMMITTEE 
A. D. Assury, Chairman B. Norris, Chairman 
F. L. Brapiey, Vice-Chairman M. J. MceDoNnaLp 
W. B. Hernz, Secretary . R. Gray 
R. DeEVERE Hope SERN MADSEN 
H. H. Iter T. D. Perry 
J. D. Roperrson 
Kk. R. STALL Associates 
A. WapswortH STONE 
Bascock J. S. MATHEWSON 
Associates . H. BILMUBER 
. CARPENTER . H. MeCartrny 
. CARTWRIGHI A. D. Situ, Jr 
FRENCH . Surron 
KEUFFEL CHARLES WHITE 
IKURKJIAN 
Metropolitan Representative 


A. W. BENOIT 

W. S. Brown 
WINN CILASE 

M. A. JR. 
ALBERT PALMER 


Southern Representative 
COMMITTEE CHAIRMEN 
Dimensional Limits and Allowances, SERN 
MADSEN 
-ROGR 
PROGRAM Use of Plywood as an Engineering Mate 
W. W. Srarke, Chairman and Metropolitan rial, T. D. PERRY 
Representative Wood Finishing, M. J. MacDonatp 


S. B. EARLE 
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LOCAL SECTIONS 
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17: The Standing Committee on Local Seetions shall. under the 


direction of the Council, have supervision of the Local Sections of the Society. 


STANDING COMMITTEE ON LOCAL SECTIONS 


Hl. L. Chairman (1941) 


J. N. LANDIS (1942) W. Marquis (1944) 


F. L. WILKINSON, Jr. (1943) 


SIDNEY DAvipson 


(1941) 


Junior Advisers 


J. A. Keeta (1945) 


C. C. Kirpy (1942) 


REGIONAL GROUP DELEGATES TO ANNUAL CONFERENCES 


Terms expire October, 1941 


A. R. Actteson. Speaker for 1940 Conference, Group III 


©. B. Sener, IT. Group IT 


L. H. Von OnLsen, Secretary, Group I 


H. M. Gano, Group V 


\. D. Aspury, Group IV Bb. V. E. Norppere, Group VI 


W. D. Turpry. Group VII 


Terms erpire October, 1942 


A. R. Mumrorn. Speaker for 1941 Conference, Group II 


\. I). ANpRIOLA, Group T 
J. S. Morenovuse, Group III 
F.C. Group IV 


AKRON-CANTON 


Organized: 1920 

Territory: Counties of Richland, Ashland, 
Medina, Summit. Portage. Wayne, 
Stark, Holmes, Tusearawas. Carroll, 
and Coshocton in Ohio 

Place of Meeting: As selected monthly 

Number of Members: 130 


EXECUTIVE COM MITTEE 


M. R. BowERMAN, Chairman 
A. G. WALKER, Vice-Chairman 
D. Secretary-Treasure) 
V. R. Camp 

James Forrest 

S. H. HAHN 

L. B. HotmMes 

O. J. Horcer 

H. 

A. D. MacLacuLaNn 

G. C. MeMULLEN 

G. J. Scnorssow 

A. W. SEEKINS 

A. EF. SHETLER 

J. H. VANCE 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley: reor- 
ganized, 1928, as Anthracite-Lehigh 


Valley 
Territory: Counties of Bradford, Susque- 
hanna, Wayne, Sullivan, Wyoming, 


Lackawanna, Columbia, Luzerne, Mon- 
roe, Pike, Sehuylkill, Carbon, Berks. 
Lehigh, Northampton in Pennsylvania, 
and Warren in New Jersey 

Place of Meeting: One meeting annually at 
Allentown, Bethlehem. Easton, Hazle- 
ton, Pottsville, Reading, Seranton, and 
Wilkes-Barre 

Local Organization: 

_ of Lehigh Valley 

Number of Members: 200 


The Engineers’ Club 


A. D. Huanes, Secretary, Group VII 


EXECUTIVE COM MITTEE 
R. H. Porter, Chairman 
F. C. Perers. Vice-Chairman 
J. W. STEINMEYER, Vice-Chairman 
D. G. Vice-Chairman 
C. W. Merrick. Secretary 
M. C. Stuart. Treasurer 
G. W. FARNnHAM 
J. W. Jr 
C. C. Herre. 
R. F. 
L. FE. 
W. P. 
WALTER TALLGREN 
R. L. 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta. Ga 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting everv Monday at 12:30 
p.m. at Atlanta Athletie Club 

Number of Members: 85 


Executive Com MITTEF 


F. C. Chairman 

A. H. Koon, Vice-Chairman 
J. M. RrrreeMeyrr. Secretary 
R. N. BENJAMIN 

R. S. Hower. 

W. C. Krrry 

FE. W. Kier. Jr. 

R. L. SweiGert 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore. Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Luneheon meeting every Wednesday at 
12:00 noon at Engineers Club 

Number of Members: 226 


C. T. Group V 
R. A. Cross, Group VI 
C. W. Crawrorp, Group VITT 


EXECUTIVE COM MITTEE 


G. W. Keen, Chairman 

SB. Sexton. Necretary-Treasurer 
W. D. Boynton 

L. F. Corrrn 

R. C. DANNETTEL 

SipNeyY HAusMAN 

J. W. Mevsson 

L. F. WELANETZ 

S. M. WHITELEY 


JuNIoR Group 


W. A. Chairman 
G. I. Cutnn, Vice-Chairman 
W. B. Exirz, Secretary 

J. F. HANNA 

D. F. LANE 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Bir- 
mingham, Ala. 

Place of Meeting: Tutwiler Hotel 

Number of Members: 91 


EXECUTIVE COMMITTEE 


Il. S. Kent, Chairman 

J. M. GALLALEER, Vice-Chairman 
J. B. Secretary-Treasurer 
R. A. POLGLAZE 

C. F. von HERRMANN, JR. 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Bos- 
ton, Mass. 5 

Place of Meeting: Mass. Inst. of Technology 

Local Organization: Engineering Societies 
of New England 

Number of Members: 547 
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BOSTON 
(Continued ) 
EXECUTIVE COM MITTEE 
G. K. SAURWEIN, Chairman 


KERR ATKINSON, Vice-Chairman 
A. SPENCE, Necretary-Treasurer 
. BROWN 

T. W. Hopper 

J. W. ZELLER 


JUNIOR GROUP 


R. N. Chairman 

ANTON SALECKER, Vice-Chairman 
SAMUEL CROWELL, 3p, Secretary 
R. A. Spence, Treasurer 

I. Bower 

F. M. MaGee 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
eut Section; reorganized as a Section, 
1923 

Territory: 

Place of Meeting: 

Local Organization: 
Bridgeport 

Number of Members: 120 


Fairfield County, Conn. 
Stratfield Hotel 
Engineers’ 


Club. of 


EXECUTIVE COM MITTEE 
C. N. HoAGLanp, Chairman 
Beck, Vice-Chairman 
W. H. Snirren, Secretary 
A. W. HaGAan, Treasurer 
A. H. 
C. A. Buss 
1. C. JENNINGS 
R. C. Moony 
O. J. RICHMOND 
J. W. Roe 
J. D. SKINNER 
J. H. Van Yorx, JR. 


BUFFALO 


Organized: 1915 

Territory: Radius of thirty miles from 
Buffalo, N.Y. 

Place of Meeting: 
ware Ave. 

Local Organization: Engineering Society of 
Buffalo 

Number of Members: 184 


University Club, Dele- 


EXECUTIVE COM MITTEE 


W. M. KavurrMan, Chairman 
N. C. BARNARD, Vice-Chairman 
M. C. Case, Secretary 

C. Harrineton, Treasurer 

J. G. BENSON 

PauL DvBOSCLARD 

H. M. Evarts 

H. F. Kerker 

J. L. Yates, Adviser for Juniors 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle. Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 104 
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EXECUTIVE COM MITTEE 
F. L. Meyer, Chairman 
T. Mees, Viee-Chairman 
C. O. Vice-Chairman 
F. H. THomas, Vice-Chairman 
L. FE. Jounson, Secretary-Treasurer 
McCLAIN, Assistant Secretary 
M. A. CLEMENTS 


Group 


M. A. CLEMENTS 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from Tn- 
dianapolis, within Indiana 

Place of Meeting: Place varies 

Loeal Organization: Indiana 
Society 

Number of Members: 140 


Engineering 


EXECUTIVE COM MITTEE 
J. A. Droeur, Chairman 
H. A. McAnincu, Vice-Chairman 
W. J. Corr, Seeretary-Treasurer 
G. L. FowLer 
P. F. Hetm 
H. H. Skapo 
R. W. Worry 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and Al- 
toona, Pa. 

Number of Members: 75. 


EXECUTIVE COM MITTEE 


C. Srewart, Chairman 

J. O. P. Seeretary-Treasurer 
C. L. ALLEN 

J. S. 

W. D. GarRMAN 

G. L. GuILtet 

A. H. ZeERBAN 


CHICAGO 


1913 
Radius of fifty miles from Chi- 


Organized: 

Territory: 
eago, 

Headquarters: Mid-West A.S.M.E. Office, 
Room 1617, 205 West Wacker Drive, 
Chieago, Tl. 

Place of Meeting: Civie Opera Bldg., 20 N. 
Wacker Dr. 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Chicago Engineers’ Club 

Local Organization: Western Society of En- 
gineers 

Number of Members: 805 


EXECUTIVE COMMITTEE 


L. M. Evttson, Chairman 

C. C. Austin, Vice-Chairman 
H. M. Brack, Vice-Chairman 

J. R. Vice-Chairman 
DANIEL Roescn, Vice-Chairman 
F. B. Orr, Secretary-Treasurer 
hk. H. Bacon 

J. A. FoLse 

W. P. HoLttzMan 

A. H. Jens 

J. S. Kozacka 

F. H. 

J. C. MARSHALL 


T. S. MeEwan 
H. L. NACHMAN 
C. W. PARSONS 

. 

S. PHILBRICK 
J. C. 

KARL TRANZEN 
R. E. TURNER 

C. L. Wacus 


JUNIOR Group 


J.C. MARSHALL 
S. J. Tozer 


CINCINNATI 

Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms, 
Ninth & Race Sts. 

Local Organization: Engineers’ Club of Cin- 
cinnati 

Number of Members: 192 


EXECUTIVE COMMITTEE 
S. SAURBRUNN, Chairman 
KE. H. Mirsen, Viee-Chairman 
J. W. BUNTING, Secretary-Treasure 
H. B. Branpr 
A. G. Bruck 
T. B. Morris 
L. F. NENNINGER 
F. P. RHAME 
H. P. THompson 
H. C. 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga 
Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Case Club or Cleveland 
Engineering Society Rooms 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 248 


EXECUTIVE COM MITTEE 


J. P. DrEARASAUGH, Chairman 
kK. R. MeCarruy, Secretary 
BARNES, 7'reasurer 
EINIG 

. MAIN 

. SLAYMAKER 

A. SCHWARTZ 

A. G. TRUMBULL 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie 
Inn, Denver, Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Enzi 
neers) 

Number of Members: 76 


EXECUTIVE COM MITTEE 


R. F. Turone, Chairman 

J.C. Reep, Seeretary-Treasurer 
L. D. Crain 

A. L. 

F. A. Lockwoop 

F. H. Proury 

+. A. RICHTER 

J. T. STRATE 
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COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 

Local Organization: Engineers’ Club of Co- 
lumbus 

Luncheon Meeting third Friday of each 
month at 12:00 noon at Engineers’ Club, 
Columbus 

Number of Members: 80 

EXECUTIVE COM MITTEE 

i. M. SAMPSON, Chairman 

H. R. Limpacner, Vice-Chairman 

J. G. Lowruer, Secretary-Treasurer 

H. M. BLank 

A. |. Brown 

J. L. Purpy 

P. Roperts 

R. N. TUCKER 


DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 
Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: Engineers’ of 
Dayton 

Number of Members: 99 

EXECUTIVE COM MITTEE 

RR. Wenser, Chairman 

J.J. Hearty, Vice-Chairman 

W. WeLLs, Seeretary 

\. F. Poock, Treasurer 

C. L. BAUER 

Coprock 

H. M. Gano 

P. KeMMER 

BursoN TREADWELL 


DETROIT 

Organized: 1916 
Territory: Radius of thirty miles from De- 

troit, Mich. 
Place of Meeting: Piace varies 
Local Organization: Engineering Society of 

Detroit 
Number of Members: 435 

EXECUTIVE COM MITTEE 

Jerrorps, Chairman 
A.M. Setvey, Seeretary-Treasurer 
J. Apnorr 
J. W. Armour 
B. W. Beyer, Jr. 
M. L. Fox 
J. F. JARNAGIN 
D. 
ORMONDROYD 
J. P. SCHECHTER 
R. K. Wetpy 


JuNroR Group 
L. W. Lentz, Chairman 


EAST TENNESSEE 
Organized: 1922 
lerritory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
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Moore. Franklin; Belle County in Ken- 
tucky; and Rossville. Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 

Place of Meeting: Places varies 

Local Organization: Chattanooga’ Engi- 
neers Club and Knoxville Technical 
Club 

Luncheon Meeting every Monday oon at 
Chattanooga Engineers Club 

Number of Members: 89 

EXECUTIVE COM MITTEE 

T. C. Ervin, Chairman 

Torok, 1st Vice-Chairman 

P. J. FREEMAN, 2nd Vice-Chairman 

JOHN Horne, 3rd Vice-Chairman 

J. Mack Tucker, Necretary-Treasurer 

HorRACE CARPENTER 

M. B. Conviser 

P. G. JACKA 

R. W. Morton 

W. R. Crrampers, Past-Chairman 


ERIE 


Organized: 1917 

Territory: Radius of thirty miles from 
Erie, Pa. 

Place of Meeting: Auditorium of Pennsyl- 
vania Telephone Company 

Number of Members: 77 

EXECUTIVE COM MITTEE 

C. T. Chairman 

McDonatp S. REED. Vice-Chairman 

C. IMs. Seeretary-Treasurer 

G. W. Bacu 

F. G. BRINIG 

HW. Horsrkorre 

H. B. 

G. F. LInpe 

G. 1. RAINESALO 


FLORIDA 


Organized: 1925 
Territory: State of Florida 
Place of Meeting: Various Cities in State 
Loeal Organization: Florida Engineering 
Society, Gainesville. Fla. 
Number of Members: 82 
EXECUTIVE COM MITTEE 
J. H. Crouse, Chairman 
V. C. CoucHMAN, 1st Vice-Chairman 
H. J. B. ScHARNBERG, 2nd Vice-Chairman 
W. Drew, Secretary-Treasurer 
JouHN HUNTER 
D. W. PINKERTON 
kh. A. THOMPSON 


FORT WAYNE 

Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb. Whitley. Allen. Wa- 
bash. Huntington, Wells. Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing. Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 28 


EXECUTIVE COM MITTEE 


W. L. Kanus. Chairman 
F. L. Ruorr, Vice-Chairman 
W. H. Connor. Secretary 
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F. 'T. McInerney, Jr., Treasurer 
W. N. Buck 

H. A. ELuis 

C. H. Marson 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover, 
N.H. 

Place of Meeting: Springfield, Windsor, 
Vt.. and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society 

Number of Members: 36 


EXECUTIVE COM MITTEE 


M. H. Arms, Chairman 

C. H. Apams, Vice-Chairman 

F. H. Canary, Secretary-Treasurer 
H. L. Daascu 

C. J. DEWELL 

F. T. Gear 

D. T. HaMILton 

C. A. RENFREW 


GREENVILLE 

Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C... Canton, 
Asheville, and Enka, N.C. 

Number of Members: 41 

EXECUTIVE COM MITTEE 

H. HuGues, Chairman 

J. H. Sams, Secretary-Treasurer 

A. D. ASBURY 

C. D. BLACKWELDER 

Bb. E. Fernow 

R. B. FULLER 

W. G. Woop 


HARTFORD 

Qrganized: 1917. as Branch of Conn. See- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Place of Meeting: Hartford Electrie Light 
Company 

Number of Members: 158 


EXECUTIVE COM MITTEE 


H. F. Ram™M, Chairman 

F. O. HoaGLanpn, Vice-Chairman 
L. C. SmirH, Vice-Chairman 

R. D. KELLER, Secretary-Treasurer 
P. W. BAUER 

S. A. BRANDENBURG 

H. Burpick 

k. F. Dow 

C. N. FLace 

k. P. Herrick 

B. S. Lewis 

W. E. Loomis 

HENRY MICHELSEN 

D. K. Morgan 

W. S. PAINE 

C. H. RicHARDSON 

C. C. STEVENS 

S. H. SToner 

S. J. TELLER 

H. B. vAN ZELM 
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INLAND EMPIRE 

Organized: 1921 

Territory: East of Columbia River in State 
of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 
ern Idaho 

Place of Meeting: 
kane 

Luncheons Wednesdays at 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Numbers of Members: 28 


Davenport Hotel, Spo- 


12:00 noon, 


EXECUTIVE COM MITTEE 
E. B. PARKER, Chairman 
ALEX Linpsay, Vice-Chairman 
A. R. Karusten, Necretary-Treasurer 
H. F. Gauss 
D. R. Gray 
H. H. Lanepon 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Willard Straight Hall, 
Corneli Campus, Ithaca, N.Y. 

Number of Members: 82 


EXECUTIVE COM MITTEE 
. E. KrnsMan, Chairman 
L. Wiper, Vice-Chairman 
S. ErpMAN, Secretary-Treasurer 
G. Switzer 
P. WHITNEY 
R. WICKERSHAM 


QQ 


KANSAS CITY 


Organized: 1921 


Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 


Kausas City 
Number of Members: 158 


EXECUTIVE COMMITTEE 


H. L. Crain, Chairman 

J. R. Stone, Vice-Chairman 
E. M. Bruzevius, Secretary 
R. V. SUTHERLAND, Treasurer 
F. R. APPLEGATE 

G. G. BRAUNINGER 

>. E. Brown 

M. A. DuRLAND 

GRASSE 

E. D. Hay 

C. Q. Warp 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 498 
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EXECUTIVE COM MITTEE 


P. L. ARMSTRONG. Chairman 

K. Sprincer, Vice-Chairman 
EK. M. WaGner, Secretary-Treasurer 
J. C. Brown 

R. B. EsSELMAN 

J. S. GALLAGHER 

J. D. HACKSTAFF 

J. Roy HorrMan 

D. A. Lyons 

C. H. SHarruck 

J. A. WHITAKER 


JUNIOR Group 
R. B. EssetMAN, Chairman 


LOUISVILLE 


Organized: 1922 
Territory: Radius of 
Louisville, Ky. 
Place of Meeting: Engineers and Architects 
Club of Louisville 

Local Organization: Engineers and Archi- 
tects Club 

Number of Members: 52 


thirty miles from 


EXECUTIVE CoM MITTEE 


MELVIN Sack, Chairman 

W. F. Lucas, Vice-Chairman 
L. L. Amipon, Secretary 

J. K. Meyer, Treasurer 

H. H. Fenwick 

F. W. Hampton 

L. R. JACKSON 

J. H. RoMann 
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MEMPHIS 


Organized: 19238 

Territory: Radius of sixty miles from 
Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
city of Little Rock 

Number of Members: 21 


EXECUTIVE COM MITTEE 


M. D. Rust, Chairman 

J. A. Mouurno, JR., Secretary-Treasurer 
E. J. Kureck 

W. H. Roperts 


METROPOLITAN 


Organized: 1910 
Territory: Metropolitan 
York and New Jersey 
Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.Y. 
Number of Members: 


District, New 


3,200 


EXECUTIVE COMMITTEE 


A. R. Mumerorp, Chairman 

F. D. Carvin, Secretary 

E. J. Treasurer 

W. H. Larkin, Chairman of Meetings and 
Program Committee 

T. B. ALLARDICE 

W. G. BLAKE 

P. E. FRANK 

W. S. GLEESON 

W. McC. McKee 

C. B. Peck 


JuNIOR Grove 


W. W. LAwreNcE, Chairman 
C. K. Vice-Chairman 
R. F. WaRNER, JR., Secretary 
A. FE. Biirer 

C. C. Kirsy 

A. G. OLIVER, JR. 

D. E. Zevirr 


MID-CONTINENT 


Organized: 1919 

Territory: Entire State of Oklahoma; terri 
tory in Arkansas not included in Mem 
phis Section; part of Louisiana; and 
territory in Texas north of the southern 
boundaries of the counties of Gaines, 
Dawson, Bordon, Scurry, Fisher, Jones 
and Shackelford 

Place of Meeting: 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: 
Tulsa 

Number of Members: 130 


Usually Mayo Hotel, 


Engineers Club. of 


EXECUTIVE COM MITTEE 


E. C. BAKER, Chairman 

A. G. BLANCHARD, Vice-Chairman 
J. D. McFarLanp, Vice-Chairman 
GWYNNE RAYMOND, Vice-Chairman 
C. A. STEVENS, Vice-Chairman 

M. R. Wisk, Necretary 

C. O. GLascow, Treasurer 

FE. E. AMBROSIUS 


H. R. AUVERSWALD 
G. AYERS 


W. L. DucKER 
J. F. Eaton 
T. C. Wess, Jr. 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from M.! 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 208 


EXECUTIVE COM MITTEE 


T. ESeERKALN, Chairman 

R. J. Smiru, Secretary-Treasurer 
JAMES BROWER 

Hans DAHLSTRAND 

F. H. Dorner, Sr. 

M. K. Drewry 

WALTER FERRIS 

O. A. Kisa 

R. C. NEWHOUSE 

W. T. SAveELAND, JR. 


JuNtoR Group 


W. T. SAVELAND, JR., Chairman 
R. C. STRASSMAN, Secretary 
WALTER BUNDY 

J. L. MARTIN 

R. H. MILier 

G. V. MINNiBERGER 

k. J. Smita 
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MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 97 


EXECUTIVE CoM MITTEE 
L. G. Straus, Chairman 
M. S. Vice-Chairman 
N. J. SveRNAL, Necretary-Treasurer 
W. H. ERSKINE 
C. F. Snoop 
J. C. VANSELOW 


NEBRASKA 

Organized: 1922 

Territory: State of Nebraska, and Council 
Bluffs, 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of Lin- 
coln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 

Number of Members: 32 


EXECUTIVE COM MITTEE 
A. A. Luress, Chairman 
J. H. Cotson, Vice-Chairman 
A. Rogers, Secretary-Treasurer 
BACHMAN 
J. W. 
J. L. WHIte 


NEW HAVEN 


Organized: 1912, reorganized, 1923 

Territory: Portions of New Haven 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Numbers of Members: 84 


and 


EXECUTIVE COMMITTEE 
W. F. THoompson, Chairman 
L. H. Von OuLsen, Vice-Chairman 
F.C. RreHanpson, Necretary-Treasurer 
A. L. BRECKENRIDGE 
C. A. TeMPSTEAD 
1. T. Hoox 
L. C. Licuty 
W. L. Tann 


NEW ORLEANS 
Organized: 1916 
Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 


Section 

Place of Meeting: Room 422, St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 


Number of Members: 100 
EXECUTIVE COM MITTEE 

L. J. LASSALLE, Chairman 

G. R. HamnMert, Vice-Chairman 

L. J. Secretary-Treasurer 

T. E. Crossan 

A. M. 

K. P. KAMMER 

W. S. NELson 

D. W. Srewart 


AS.M.E 


SOCIETY RECORDS, PART 1 


JUNIOR GROUP 


W. S. NELSON, Chairman 
J. R. Rompacn, Jr.. Vice-Chairman 
C. C. Burke, Jr., Secretary 


NORWICH 

Organized: 1930 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut. and 
Westerly District in Rhode Island 

Place of Meeting: Arcanum Club, 150 Main 
St... Norwich 

Number of Members: 37 


EXECUTIVE COM MITTEE 
W. E. BEANEY, Chairman 


RopertT Wosak, Necretary-Treasurer 
A. D. ANDRIOLA 


k. S. DENNISON 
W. L. 

F. S. ENGLISH 

J. S. LEONARD 


Hans Lvenrs 


NORTH TEXAS 

Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg. Georgetown, Cam- 

includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro. Swisher. Briscoe, 
Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical 
Dallas 

Number of Members: 107 


eron, Nacogdoches, and center, 


Club of 


EXECUTIVE COM MITTEE 
R. M. Marson, Chairman 
F. C. Justice, Vice-Chairman 
J. K. Carrey, Secretary-Treasurer 
LEONARD COLE 
J. A. Noyes 
D. C. PFEIFFER 
N. G. Harpy, fficio 


ONTARIO 


Organized: 1917 
Territory: Province of 
Place of Meeting: 
of Toronto 
Number of Members: 


Ontario. Canada 
Hart House, University 


173 
EXECUTIVE COM MITTEE 


S. G. CLARKE, Chairman 
G. E. Secretary-Treasurer 
O. H. ANDERSON 

H. H. Anevus 

W. S. BAL 

A. C. BLUE 

D. F. Cornisu 

C. R. Davis 

W. G. MeIntosit 

W. E. MICKLETHWAITE 
R. L. 

W. D. SHELDON 
FREDERICK TRUMAN 


JUNIOR GRouP 


FREDERICK TRUMAN, Chairman 

M. F. Carriere, Secretary-Treasurer 
J. H. MILier 

W. R. TRUSLER 


RL-19 


OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 


Number of Members: 49 


EXECUTIVE COM MITTEE 
A. D. Hueues, Chairman 


A. A. OstvovicH, Vice-Chairman 
G. C. Tupirne, Necretary-Treasurer 
N. Bates 


P. L. Hestope 
J.C. Ornus 
Tom Perry 


PENINSULA 

Organized: 1923 

Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

Luncheon 


Meeting Fifth Thursday noon 
each month 
Local Organization: Engineers’ Club of 


Grand Rapids 
Number of Members: 50 


EXECUTIVE COM MITTEE 


C. A. HAMILTON, Chairman 

hk. E. Kutse, Secretary-Treasurer 
C. G. LOHMANN 

KE. NORMAN 

B. E. PoRTER 


PHILADELPHIA 

Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 
Luncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 


Philadelphia Engi- 


922 


EXECUTIVE COM MITTEE 


L. P. Hynes, Chairman 

J. S. Morenouse, Vice-Chairman 
C. S. Gorwats, Secretary-Treasurer 
L. N. Guiick 

L. Hoppine 

W. MILLER 


JUNIOR Group 


T. M. Pomeroy, Jr., Chairman 
J. D. Prererson, Vice-Chairman 
ELMER GRISCOM, Secretary 
WILLIAM PEGRAM, Treasurer 

J. P. CLARK 

L. N. GuLick 

K. 

G. G. MARTINSON 

RICHARD SQUIRES 

Z. T. WoBENSMITH 
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RI-20 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch, 1923; as a Section 
1927: name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of 
from Charlotte, N.C. 

Luncheon Meeting every Monday at 1:00 
p.m. at Efirds Department Store Dining 
Room 

Local Organization: 
Club 

Number of 


seventy-five miles 


Charlotte Engineers 


Members: 438 


EXECUTIVE COM MITTEE 
hk. P. Reece. Chairman 
T. O. Situs, Vice-Chairman 
M. D. THomason, Necretary-Treasurer 
J. H. ERSKINE 
Asa HosMER 
W. W. Leroy 
W. E. McDoweELt 
FE. D. PowELL 
E. WILLIAMS 


PITTSBURGH 

Organized: 1920 

Territory: Counties bounded by and includ- 
ing Beaver. Butler. Venango, Forest, 
Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington. Pa. 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 427 


EXECUTIVE COM MITTEE 


M. M. McConne yi, Chairman 
J. A. Hunter, Secretary 

K. F. Trescnow, Treasurer 
ALFRED BUTCHER 

S. B. Ery 

B. C. McFappEN 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth. Bound Brook, 
Metuchen, and Watchung. N.J. 

Place of Meeting: Elizabeth Carteret 
Hotel, Elizabeth, and Plainfield Ma- 
sonic Temple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 171 


EXECUTIVE COM MITTEE 


=. Leavitt, Jr., Chairman 

Heck, Jr... Vice-Chairman 
’. Spencer, Jr., Secretary 
G. Jr., Treasurer 
D. H. CHason 

C. A. DAWLEY 


~ 


PROVIDENCE 


Organized: 1920 
Territory: Radius of 
Providence, R.I. 
Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 
Local Organization: 
ing Society 
Number of Members: 157 


thirty miles from 


Providence Engineer- 
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EXECUTIVE COM MITTEE 


A. W. Carper, Chairman 
Ik. W. FREEMAN, Vice-Chairman 
RK. M. Scorr, Secretary-Treasurer 
S. J. BEeRARD 

C. D. BILLMEYER 

Kk. H. 

J. D. ELperT 

CHESTER HACKING 

P. V. MILLER 

F. A. SAWYER 

H. S. Sizer 


RALEIGH 


Organized: As a Branch, 1923; 
tion, 1927 


as a See- 


Territory: Radius of sixty miles” from 
Raleigh. N.C. 

Place of Meeting: N.C. State College, 
Raleigh, N.C. 

Loeal Organization: NC Engineering 


Council, Raleigh Engineers Club 
Number of Members: 28 


EXECUTIVE COM MITTEE 


C. FE. Chairman 

k. B. Rice. Viee-Chairman 

R. G. CHAPMAN, Secretary-Treasurer 
V. L. Kenyan, Jr. 

F. J. REED 


. L. VAUGHAN 
. S. WILBUR 


ROCHESTER 
Organized: 1919 
Territory: Radius of 
Rochester, 
Place of Meeting: Rochester Engineering 
Society Rooms, Sagamore Hotel 
Local Organization: Rochester Engineering 
Society. Sagamore Hotel 
Luncheon Meeting every Tuesday at 12:15 
p.m. at Sagamore Hotel 
Number of Members: 111 


thirty miles from 


EXECUTIVE COM MITTEE 
J. H. Snyper, Chairman 


I. S. Brapiey, Vice-Chairman 

I. G. McCuesney, Secretary-Treasurer 
J. W. GAvettT 

K. H. Hvupparp 


F. D. PUNNETT 
W. D. Woop 


JuNIoR Group 


I. S. BRADLEY, Chairman 
F. D. PUNNETT 
W. D. Woop 


ROCK RIVER VALLEY 

Organized: 1926 

Territory: Radius of thirty miles from 
Xockford, plus members in Madi- 
son, Wis. 

Meeting Place: Place varies 

Local Organization: Rockford Engineering 
Society 

Number of Members: 68 


EXECUTIVE COM MITTEE 


. L. Avery, Chairman 

. A. Jacopson, Vice-Chairman 

. J. Zincuer, Secretary Treasurer 
. L. DAHLUND 

. LARSON 

. H. Lyon 

. A. WILSON 


— 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Koseiusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, 
South Bend, Ind. 

Local Organization: St. Joseph Valley En- 
gineers’ Club 


Number of Members: 41 


EXECUTIVE COM MITTEE 
C. Witcox, Chairman 


C. R. Apams, Vice-Chairman 
K. W. KNorr. Necretary 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St 
Louis. Mo. 

Piace of Meeting: 

Loeal Organization: 
Louis 

Number of 


Place varies 
Engineers’ Club of St 


Members: 229 


EXECUTIVE COM MITTEE 
ALBERT VIGNE, Chairman 
R. W. MerKLe. Vice-Chairman 
C. B. Briscor. Secretary-Treasurer 
D. Dickey 
A. L. HEINTZE 
R. C. THUMSER 


SAN FRANCISCO 
Organized: 1910 
Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 


Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 


Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 386 


EXECUTIVE COM MITTEE 
V.F. Esrcourr, Chairman 
H. T. Avery, Vice-Chairman 
EK. H. CAMERON, Necretary-Treasurer 
H. J. Bere 
k. C. Floyp 
L. M. Marrin 
H. Rarrr, Ex-Officio 


Group 


B. S. Truerr, Chairman 
W. C. CHEAL 

P. E. Dawson 

CHARLES LipPMAN 

C. L. THorre 

G. L. 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 19 
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SAVANNAH 


(Continued) 


EXECUTIVE COM MITTEE 
MINGLEDORFF, JR... Chairman 
CROWLEY. Vice-Chairman 
JOHNSON 
IKKEISKER 
WILLS 


W. L. 
JOG 
6 
sD 


SCHENECTADY 


Organized: As a Branch, 1919; as a Section, 
1927 

Territory: Radius. of 
Schenectady, N.Y. 

Place of Meeting: Rice Hall 

Number ot Members: 1938 


thirty miles from 


EXrCUTIVE COM MITTEE 


Rh. Norris, Chairman 

S. NEBLETT, Vice-Chairman 
CARL SCHABTACH, Vice-Chairman 
OL. Woop, Jr... Vice-Chairman 
Ss. L. JAMESON, Secretary 
STANFORD NEAL, Treasurer 

kK. W. D. BUNKE 

Foore 

\. R. STEVENSON, JR 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: Electric Bldg., Houston, 
Tex. 

Number of Members: 167 


EXECUTIVE COM MITTEE 


( W. Crawrorp, Chairman 


L. Orr, Vice-Chairman 

F. Monier, Seeretary-Treasurer 
D. ALTON 

J. W. Bererra 

H. DEGLER 


C. A. Hats, 

Hi. G. HIEBELER 

J. J. Kine 

W. MeCartny 
G. NEVILLE 

J. G. H. THompson 
M. W. WILLIAMS 


Junior Group 


G. F. FermMier, Chairman 
H. Howarp, Vice-Chairman 
G. W. Kine, Seeretary 


SUSQUEHANNA 


1927 

Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster 

l'lace of Meeting: Engineering Society of 
York, and at Lancaster Twice a Year 

Local Organization: Engineering Society of 
York and Engineers’ Society of Penn- 

_ Sylvania, Harrisburg, Pa. 

Number of Members: 78 


Organized: 
lerritory: 
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EXECUTIVE COM MITTEE 


W. E. BELINE, Chairman 

O. E. Weper, Vice-Chairman 
T. P. NEUBAUER, Necretary 
AUGHENBAUGH 

. BREDA 

M. G. LEESON 

Hl. B. MARTIN 

ANDREW SAWYER 

G. L. Smiru 

S. P. Sorine 


SYRACUSE 
Organized: 1920 
Territory: Radius of 
Syracuse, N.Y. 
Place of meeting: 
daga Hotel 
Local Organization: 
ot Svracuse 
Number of Members: 84 


thirty miles from 


Ball 


Room of the Onon- 


The Technology Club 


EXECUTIVE COM MITTER 


M. B. Mover. Chairman 

V. SHerianp, Vice-Chairman 

kK. A. FAILMEZGER, Necretary-T reasurer 
J. W. Linrorp 

W. E. RENNER 

kk. K. Riopes 


G. VINCENT 
TOLEDO 


Organized: 1920 


Territory: Radius of thirty miles from 
Toledo. Ohio 

Place of Meeting: University Club, To- 
ledo. Ohio 

Local Organization: Affiliated Technical 


Toledo 
Number of Members: 60 


Societies of 


EXkcUTIVE COM MITTEE 


H. R. Scuurz. Chairman 

hk. F. Vice-Chairman 

H. FE. Secretary-Treasurer 
J. W. DEAN 

F. L. FULLER 

P. P. HALE 


W. .C. LANG 

G. LUFKIN 

Rh. H. MARKER 
W. R. Moran 
R. J. Mueror 
JosEPH SEAMAN 
H. H. 

|. F. ZAroBskY 


TRI-CITIES 
Organized: 1920 
Territory: Radius of 
Moline, Il. 
Place of Meeting: Rock Island, I1l., Moline, 
Ill., and Davenport, Iowa 
Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 
Number of Members: 74 


thirty miles from 


EXECUTIVE COM MITTEE 
R. A. Cross, Chairman 
C. D. Sr. Vice-Chairman 
C. A. Carson, Secretary-Treasurer 
R. M. BARNES 
E. G. ErtcKson 
H. A. KLEINMAN 


RI-21 
UTAH 
Organized: 1923 
Territory: State of Utah 
Place of Meeting: University Club, Salt 


Lake City 
Local Organization: 
neers 
Number of Members: 35 


Utah Society of Engi- 


EXECUTIVE COM MITTEE 
W. D. Turpin, Chairman 
G. W. Carrer, Vice-Chairman 
R. D. BAKER, Necretary-Treasurer 
B. BowMAN 
KF. A. Harris 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Riehmond, Norfolk, 
Charlottesville, Roanoke, University. 
Petersburg 


Local Organization: Central Virginia Engi- 
neers Club 
Numbers of Members: 174 
EXECUTIVE COM MITTEE 
G. C. MoLiLeson, Chairman 
J. B. Jones, Vice-Chairman 


Fk. S. Roop, Jr., Secretary 
R. M. Jounston, Treasurer 
G. L. BAscoME 


L. R. GARDNER 
Hl. C. Hesse 

D. G. MoorHeap 
S. B. Roperts 
W. E. Seen 


WASHINGTON, D.C. 


Organized: 1919 
Territory: District of Columbia 
Place of Meeting: Auditorium. Potomae 


Electric Power Co., 10th & E Sts. 
Washington, D.C. 


Number of Members: 


239 


EXECUTIVE COM MITTEB 


G. F. Jenks, Chairman 

W. B. ENSINGER. Vice-Chairman 
M. A Mason, Secretary-Treasurer 
G. W. HASKINS 

J. W. Huckert 

C. E. MILi_er 

H. G. THIELSCHER 


JUNIOR GRouP 
J. W. Huekerr, Chairman 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 65 


EXECUTIVE COM MITTEE 


. SCHNEIDER, Chairman 
SHOEMAKER, Vice-Chairman 
H. C. ASHLEY, Secretary-Treasurer 
. ALVES 

. CHILDS 

A. J. GERMAN 
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RI-22 
WATERBURY 
(Continued) 
JUNIOR GROUP 


x. H. Haren, Chairman 
H. J. DILion, Secretary 
W. Stmpson 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 90 


EXECUTIVE COMMITTEE 


A. E. Benson, Chairman 

. Duper, Vice-Chairman 

. CARLTON, Secretary-Treasurer 
A. PACKARD 

E. L. 

J. L. ScHERNER, fiicio 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 
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Local Organization: Seattle Engineers’ 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 


Number of Members: 115 


EXECUTIVE COMMITTEE 
E. Jounson, Chairman 
WALTER, Vice-Chairman 
J. E. Mytroir, Secretary-Treasurer 
H. P. Forp 
H. C. KReEwBIEL, JR. 
H. J. McINTYRE 


WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia, South 

of Parallel 39 
Place of Meeting: Charleston, W.Va. 
Number of Members: 58 
EXECUTIVE COM MITTEE 

M. 8S. BLoomsspure, Chairman 
A. H. CANNON, Vice-Chairman 
H. B. HicKMAN, NSecretary-Treasurer 
C. B. CocHRAN,. Assistant Secretary 
G. J. Huser, Jr. 
Kk. L. Hupson 
C. L. JoHNSON 
W. C. Norton 
F. LeRoy ScHAEFER 


WORCESTER 
Organized: 1915 


Territory: Radius of thirty miles from 
Worcester, Mass. 


Place of Meeting: Sanford Riley Hall, 
Worcester Poly. Inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number ot Members: 122 


EXECUTIVE COM MITTEE 
R. P. Chairman 
HL. P. Crane, Vice-Chairman 
Kk. K. ALLEN, JR., Seeretary-Treasurer 
Kk. W. ARMSTRONG 
L. R. 
F. R. Jones 
G. H. MacCutnoven 
C. M. McManon 
F. A. NAUGHTON, JR. 
W. M. WILcox 


YOUNGSTOWN 

Organized: 1928 

Territory: Counties of Trumbull, Mahon 
ing, and Columbiana in Ohio, and 
Mercer and Lawrence in Pennsylvania 

Place of Meeting: Republic Rubber Co 
Club Rooms, Albert St., Youngstown, 
Ohio 

Number of Members: 62 


EXECUTIVE COM MITTEE 
H.W. SmiruH, Chairman 
L. A. Vice-Chairman 
C. W. Foarp, Necretary-Treasurer 
J. Bowers 
W. B. JENKINS 
H. E. MELINn 
EK. O. Oven 
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STUDENT BRANCHES 
ArricLe B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 
and schools of accepted standing. 
STANDING COMMITTEE, RELATIONS WITH COLLEGES 
W. O'BRIEN, Chairman (1941) 
A.C. Cuick (1942) J. W. HANEY Advisory 
J.1. YeELtLorr (1945) B. 'T. McMINN Members 
H. Dreier (1944) R. H. Porter } (1941) 
G. L. SULLIVAN (1945) 
J. LL. HALL. Junior Adviser (1941) 
Communicate with Student Branch through Honorary Chairman 
Year No.of 
Author- Mem- 
Name and Location ized = bbers+ Chairman Secretary Honorary Chairman 
Akron, Univ. of, Akron, Ohio 1924 40 L. G. Happock Joun BezBaATCHENKO  F.S. Grirrin 
Alabama Polytechnie Inst., Auburn. Ala 1920 34 T. R. Lover W. A. CHAPMAN C. R. Hixon 
Alabama, Univ. of. University, Ala. 1931 22 LEONARD MANDELI D. A. R. NELSON J. M. GALLALEE 
Arizona, Univ. of. Tucson, Ariz. 1937 30° C. E. CHarpMan J.D. Carerro M. L. THoRNBURG 
Arkansas, Univ. of. Fayetteville, Ark 1910 19 Howarp JENKINS H. H. CLaytTon L. C. Price 
British Columbia, Univ. of. Vancouver, B.C., Can. 1938 28 C. W. PARKER G. S. WaAbE H. M. McIrroy 
Brown Univ., Providence, R.1. 1923 20 R. O. Love G. P. Conran, II S. J. Berarp 
Bucknell Univ., Lewisburg, Pa. 1916 27 R. F. Stone R. W. DoNEHOWER W. D. GarmMan 
California Inst. of Tech.. Pasadena, Calif. 1914 50 NeweLt PartcH G. K. Woops R. L. DAUGHERTY 
California, Univ. of, Berkeley, Calit GRaWAM HoMER Crooks C. F. GaRLanp 
Carnegie Inst. of Tech., Pittsburgh. Pa 1913 75 J. R. ScHIETINGER RICHARD CLEMENT D. C. Sartor 
Case School of Applied Science, Cleveland. Ohio — 1913 66 G. R. GraHamM E. J. R. Hupec F. H. Vose 
Catholic Univ. of America, Washington, D.C. 1922 55 L. S. Brown, Jr. PHILLIPP GoLDMANN OM. E. Wescuter 
Cincinnati, Univ. of, Cincinnati, Ohio 1909 113 ~~ J. HW. TARKINGTON Bruce GEIGER C. A. JOERGER 
Clarkson College of Tech., Potsdam. N.Y. 1930 53 R. C. Warp A. W. Hocie J. H. Davis 
Clemson A.&M. College, Clemson College, S.C. 192] 37 W. E. CLINE W. L. RicHBoure B. E. Fernow 
Colorado State College of A.&M. Arts. Fort 
Collins, Colo. 1914 27 R. S. Witson W. O. SNEDDON J. H. Scorretp 
Colorado, Univ. of, Boulder, Colo. 1914 39 J. R. RoseNnKRANS JAMES ENGLUND W. S. Beatrie 
Colorado School ot Mines Diy Iston, Golden . . 19 H. W. Hicks, JR. D. E. HOLLARD J. C. REED 
Columbia Univ., New York, N.Y. 1909 
Management Division --- 11 W. J. JAFFE H. C. QUARLES Frep DUTCHER 
*WaALTER RAUTEN- 
STRAUCH 
Mechanical Division - 34 FE. V. DeWitt R. T. Baum Frep DuTCHER 
Cooper Union, New York, N.Y. 1920 
Inst. of Tech. - 50 ArtrHurR Swenson Murray SACKSON W. A. Vopat 
Night School of Engineering 92. J. La. ALPERT JAMES DOYLE E. A. Sarma 
Cornell Univ., Ithaea, N.Y. 1908 95 R. C. Ross R. E. Onavus P. H. Brack 
Delaware, Univ. of, Newark, Del. 1929 39 Lewis PARKER A. H. Green W. F. Lrnpetr 
Detroit, Univ. of, Detroit, Mich. 1930 7 H. W. Scorr, Jr. M. M. CALCATERRA F. J. LINSENMEYER 
Drexel Inst. of Tech., Philadelphia, Pa. 1920 62. Conran Cook J.S. Hunter W. J. STEVENS 
Duke Univ., Durham, N.C. 1935 41 H. R. Purerirs HvutME PAaAtTTINson F. J. Reep 
Florida, Univ. of, Gainesville, Fla. 1926 30 B. A. CLuprs R. A. Rosperts R. A. THompson 
George Washington Univ., Washington, D.C. 1924 20 Rosert BurrerwortH JOHN GOFF A. F. JoHNson 
Georgia School of Tech., Atlanta, Ga. 1915 47 W. P. McGuire G. N. MacKenzie R. S. Howey 
Idaho, Univ. of, Moscow, Idaho 1925 51 Epear Burts JAMES GRALOW H. F. Gauss 
Illinois Inst. of Tech., Chicago. Il 1940 210 J. E. Savuvace THAppEUS WreczorEK DANTEL Roescu 
Illinois, Univ. of, Urbana, Il. 1909 150 T. L. Jackson 2. J. HOAGLAND D. G. RYan 
lowa State College, Ames, Iowa 1919 49 P. D. MeTzLEeR R. A. Rusk R. E. Rovupesusu 
lowa, State Univ. of, Iowa City, Towa 1913 34. ~E. F. Knorr R. B. Sykes I. T. Werzen 
Johns Hopkins Univ., Baltimore, Md. 1917 46 P. G. OLSON +. D. DoBLer M. F. Sports 
Kansas State College, Manhattan, Kan. 1914 56 V. G. MELLQuist ALBERT SCHWERIN W. A. Tripp 
Kansas, Univ. of, Lawrence, Kan. 1909 31 =S. E. Bunn W. W. STARCKE H. J. Henry 
Kentucky, Univ. of, Lexington, Ky. 1911 22 V. Kas D. W. Denny C. C. Jerr 
Lafayette College, Easton, Pa. 1919 40 J. H. STEELE J. W. BowMAn W. G. McLean 
Lehigh Univ., Bethlehem, Pa. 1911 72 Ropert CAEMMERER J. H. Dubey T. E. Jackson 
Louisiana State Univ., University, La. 1916 61 J. P. Gregor F. B. Harris G. F. MatrHes 
Louisville, Univ. of, Louisville. Ky. 1928 25 RoperT Gray J. R. STROTHER H. H. Fenwick 
Maine, Univ. of, Orono, Maine 1910 55 H. L. BAnton S. G. WEBSTER IT. H. PRaGemMan 
Marquette Univ., Milwaukee, Wis. 1923 31 Cart TIERNEY RAYMOND SzepztIewski R. J. Smaire 
Maryland, Univ. of, College Park, Md. 1937 33. SOL. L. Witson CHARLES BEAUMONT W. P. Green 
Massachusetts Inst. of Tech., Cambridge. Mass. 1909 116 M. P. Moopy W. L. THREADGILL ALVIN SLOANE 
Michigan College of Min. & Tech., Houghton 1930 63 G. E. DAKE S. G. Monroe H. W. Risteen 
Michigan State College, E. Lansing, Mich. 1917 59) ~W. J. Krnescorr R. W. Howortu C. N. Rrx 
Michigan, Univ. of, Ann Arbor, Mich. 1914 7 P. A. JoHNSON J. M. HALiissy E. T. VINCENT 
Minnesota, Univ. of, Minneapolis, Minn. 1913. 117  Gorpnon Erstep KARL BEHRENS C. A. 
Mississippi State College, State College. Miss. 1926 40 J. B. BurescHer R. T. Sraton, Jr. H. P. Near 
Missouri School of Mines & Metallurgy, Rolla, Mo. 1930 43. ALLAN SUMMERS R. E. FrIevps R. O. JACKSON 
Missouri, Univ. of, Columbia, Mo. 1909 G. L. A. A. SCHMUDDE S. Gray 
tAs of January 1, 1941. * Faculty Adviser. 
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Year 
Author- 

Name and Location ized 
Montana State College. Bozeman, Mont. 1920 
Nebraska, Univ. of, Lincoln, Neb. 1909 
Nevada, Univ. of. Reno, Nev. 1928 
Newark College of Engineering, Newark, N.J. 1924 
New Hampshire. Univ. of, Durham, N.H. 1926 

New Mexico State College of A.&M. Arts, State 
College, New Mex. 1938 
New Mexico, Univ. of. Albuquerque, New Mex. = 1935 
New York, College of the City of. New York, N.Y. 1922 
New York University, New York, N.Y. 1909 
Aeronautic Division - - 
Mechanical Division 
New York Univ. Evening School. New York, N.Y. 1933 
North Carolina State College, Raleigh, N.C. 1920 
North Dakota Agricultural College, Fargo, N.D. 1929 
North Dakota. Univ. of, Grand Forks, N.D. 1923 


Northeastern Univ., Boston, Mass. 
First Division 
Second Division 
Northwestern Univ., Evanston, Il. 
Notre Dame, Univ. of, Notre Dame, Ind. 
Ohio Northern Univ., Ada, Ohio 
Ohio State Univ., Columbus, Ohio 
Oklahoma A.&M. College, Stillwater, Okla. 
Oklahoma, Univ. of. Norman, Okla. 
Oregon State Agricultural College, Corvallis, Ore. 
Pennsylvania State College, State College, Pa. 
Pennsylvania, Univ. of, Philadelphia, Pa. 
Pittsburgh, Univ. of, Pittsburgh, Pa. 
Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. 
Day Division 
Evening Division 
Pratt Inst., Brooklyn, N.Y. 
Princeton Univ. Princeton, N.J. 
Puerto Rico, Univ. of, Mayaguez, P.R. 
Purdue Univ., W. Lafayette, Ind. 
Rensselaer Polytechnic Inst., Troy. N.Y. 
Rhode Island State College, Kingston, R.I. 
Rice Inst., Houston, Tex. 
Rose Polytechnic Inst., Terre Haute, Ind. 
Rutgers Univ., New Brunswick, N.J. 
Santa Clara, Univ. of, Santa Clara, Calif. 
South Dakota State College, Brookings, S.D. 
Southern California, Univ. of, Los Angeles, Calif. 


Southern Methodist Univ., Dallas, Tex. 

Stanford Univ., Stanford University, Calif. 

Stevens Inst. of Tech., Hoboken, N.J. 

Swarthmore College, Swarthmore, Pa. 

Syracuse Univ., Syracuse, N.Y. 

Tennessee, Univ. of, Knoxville, Tenn. 

Texas, A.&M. College of, College Station, Tex. 

Texas Technological College, Lubbock, Tex. 

Texas, Univ. of, Austin, Tex. 

Toronto, Univ. of, Toronto, Ont., Can. 

Tufts College, Tufts College, Mass. 

Tulane Univ. of Louisiana, New Orleans, La. 

U.S. Naval Academy, Postgraduate School, 
Annapolis, Md. 

Utah, Univ. of, Salt Lake City, Utah 

Vanderbilt Univ., Nashville, Tenn. 

Vermont, Univ. of, Burlington, Vt. 

Villanova College, Villanova, Pa. 

Virginia Polytechnic Inst., Blacksburg, Va. 

Virginia, Univ. of, University, Va. 

Washington, State College of, Pullman, Wash. 

Washington Univ., St. Louis, Mo. 

Washington, Univ. of, Seattle, Wash. 

West Virginia Univ., Morgantown, W. Va. 

Wisconsin, Univ. of, Madison, Wis. 

Worcester Polytechnic Inst., Worcester, Mass. 

Wyoming, Univ. of, Laramie, Wyo. 

Yale Univ., New Haven, Conn. 


+As of January 1, 1941. 


1922 


1935 
1929 
1922 
1911 
1921 
1917 
1909 
1909 
1925 
1917 
1909 


1923 
1926 
1923 
1909 
1910 
1930 
1926 
1926 
1920 
1925 
1935 


1929 


1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 


*1925 
1923 
1928 
1922 
1925 
1915 
1923 
1920 
1911 
1917 
1922 
1909 
1914 
1925 
1910 


No. of 


Mem- 
bers + 
39 
§1 
18 
132 
36 


18 
14 


62 
39 


41 
51 
42 
16 
20 
92 


25 
21 

9 
30 
65 


37 
25 
53 
23 
109 
50 
31 
19 


* Faculty Adviser. 


Chairman 
W. R. JEFFRIFS 
W. W. PascHKe 
WILLIAM MITCHELL 
G. N. Hopge 
W. A. GARDNER 


CARLTON MCGREGOR 
Puinie WHtreNER 
ELI SCHEFER 


P. W. O'Meara 


H. H. HaGienp 
A. J. DEMATTEO 
W. A. 
Harry SHELDON 
STANLEY VOAK 


R. W. TrRELAND 
H. J. Ferevson 
W. M. Ronsenow 
RorertT 
Joun GERTZ 

W. H. 
STEWART 
J.D. TAYtor 

D. L. 

R. W. Davis 

C. THowPpson 

. G. SKINNER 


. A. LAWRENCE 
P. Norturup 
D. ALLMAN 

T. WALSH, JR. 
. H. Rozas 

P. PEPPLER 

. L. MARTINEZ 
R. AFFLICK 

. B. 

A. JONES 

A. M. Lipsky 
EUGENE STEPHENS 
GALE Hovse 
Rorert HorrFMAN 


W. O. RAMSEY 
W. H. 
H. R. Roome 
L. H. Worre 
Howarp HoKe 
T. C. SEARLE 
J. J. WALKER 
W. FE. BAUMAN 
A. D. PAYNE 
J. R. Doyir 
Lyncu 
B. L. Levy 


H. B. TomMitn, Jr. 
FE. M. Creep 

F. A. BERGNER 

J. Q. PEEPLES 

W. A. GREEN 

H. E. 

C. A. FEICHTINGER 
HERBERT CHATTERTON 
J. HAWLEY 

R. V. Wricut 
GEORGE KNAUFF 
WAYNE LEEK 
JOHN MARKELL, JR. 
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Secretary 


THAYER LANDES 

Hovuston JONES 

Harry DAwson 

D. H. MANGNALL 
E. P. NYE 


WILLIAM FRrICK 
ALBERT Forp, JR. 
JULIAN DELMONTE 


D. C. Watson 


AURELIO PELLINO 
M. W. GETLER 
J. R. HUNTLEY 
STEWART BAKKEN 
Ropert CHAPMAN 


FINKLE 
Ricnarp McManus 
L. V. 
FRANK CROSS 
MERLIN SHARER 
W. R. CAMPBELL 
GEORGE GRAFF, JR. 
C. P. Brooks 

D. F. DEVINE 

C. L. McGarr 

R. T. Voepes, Jr. 
JOHN PROVEN 


H. B. NELSON 
FRANK HAMBRECHT 
V. F. 
WILLIAM CALLERY 
E. T. AcHA 

C. H. Rockwoop 
W. C. Osporne 

FE. J. FEELEY, Jr. 
H. H. Orecn 

J. A. LOHR 

N. B. BAGGER 
Epwarp McFAppEN 
Don WALIN 
CHARLES Hurp 


Dick TURNER 

R. P. Jackson 

C. G. HEBENSTREIT 
C. W. Beck 
THEODORE FOSTER 
Hugues 

E. R. Ciark 

G. G. FAIRLEY 
Austin LEACH 

F. M. Bonp 

J. R. PETERSON 
ARTHUR GRANT, JR. 


BEN SHAVER 


DILLINGHAM, JR. 


R. G. RAMSDELL, JR. 
. A. GORDON 

W. CHRIST 

. Brown 

C. W. PETERS 

). E. WALLACE 
CLAYTON NICHOLS 
G. M. Friscu 

W. F. ZUNKE 
CHANDLER WALKER 
STANLEY ABRAMSON 
P. N. STROBELL 


Honorary Chairman 


R. T. CHALLENDER 
J. K. Lupwickson 
W. H. Davipson 
J. BURNS 

T. DoNovAN 


T. LEWELLEN 
M. FE. Farris 
S. J. Tracy 


J. M. LABBERTON 
K. MANN 
J}. M. LABBERTON 

J. M. LABBERTON 

B. Rice 

A. W. ANDERSON 

A. J. DIAKOFF 


A. J. FERRETTI 
A. J. FERRETTI 
F. OBERT 
C. C. Wiicox 

. NEEDY 

. Bucner 
. MALEEV 
NICHOLS 
. HvuGnes 
. ALLEN 

. GULICK 

. MANIFOLD 


. T. KNIFFEN 

KNIFFEN 

. W. HUNTER 

. Raum 

. STEFANI 

. COPE 

. WILSON 

. BILLMYER 

. Burr 

CarRL WISCHMEYER 

. BAILEY 

. SEBAN 

. GIBBS 

WILLIAM SIALLEN- 
BERGER 

C. H. SHUMAKER 

A. L. Lonpon 

E. H. Frezanpir 

C. G. THATCHER 

S. T. Hart 

R. W. Morton 

V. M. Fatres 

H. L. Kipp 

M. L. BEGeEMAN 

R. C. W1IrREN 

EpGar MACNAUGHTON 

E. R. STEPHAN 


P. J. KIEFER 

M. B. Hogan 

S. H. ACKER 

H. L. Daascu 

W. J. BARBER 

. Roop, Jr. 
A. G. MACCONOCHIE 
F. W. CANDEE 
HERBERT KUENZEL 
R. W. Crain 

L. D. Hayes 

E. T. HANSEN 

). W. ARMSTRONG 
R. S. Sink 

S. W. DupLrey 
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RESEARCH COMMITTEES 
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The Standing Committee on Research shall, under the direction of 
the Council, have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


STANDING COMMITTER 


G. BatLtey, Chairman (1941) 
W. TRINKS (1942) 

M. D. Hersey (1943) 

J. HW. WaLKEeR (1944) 

W. R. Ensey (1945) 


LUBRICATION 


{ppointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations pre- 
viously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 19386) 


G. B. KARELITZ, Chairman 
S.J. Neeps, Necretary 
A. L. BEALL 

OscAR BRIDGEMAN 

W. CAMPBELL 

H. A. Evererr 

A. FLOWERS 

J. C. GENTESSE 
RAYMOND HASKELL 

M. D. Hersey 

Bb. F. HUNTER 

C. M. LARSON 

F. C. Linn 

L. NEELY 

L. NEWKIRK 

S. PEARCE 

ERNEST WOOLER 


FLUID METERS 


{ppointed 1916 to develop the theory of 
tuid meters of all kinds and to report on the 
hest methods for their installation and use 


(Reorganized July, 1926) 


RK. J. S. Prcorr, Chairman 
J. Ro Caruron, Secretary 
H. S. BEAN 

S. R. BeIrLer 

O. BENNETT 

R. K. BLANCHARD 

Bb. O. BUCKLAND 

Louis Gress 

A. J. KERR 

T. Hi. Kerr 

M. P. O’Brien 

W. S. 

L. K. Spink 

SpRENKLE 

E.C. M. Srann 

T. R. WeymMourn 

M. J. Zucrow 


THERMAL PROPER®IES OF STEAM 
Appointed in December, 1921, to direct re- 
search on the thermal properties of water- 
vapor and steam from 0 C to the upper 

limits of temperature and pressure 


(Reorganized April, 1929) 


W. L. Apsorr, Vice-Chairman 
H. N. Davis 


H. C. Diekinson 


A. M. GREENE, JR. 
R. H. Heex 

D. S. 
Max JAKOB 

J. H. KEENAN 

F. G. KreyYEs 

L. S. Marks 

(i. A. OrrokK 

kh. J. Picorr 

H. V. RASMUSSEN 
L. Ropinson 


STRENGTH OF GEAR TEETH 


Ippointed in December, 1921. Ts investigat- 
ing factors affecting the strength and life of 
gear teeth 


R. FE. FLranpers, Chairman 
C. H. Logur. Secretary 
EARLE BUCKINGHAM 


A. M. GREENE, Jr. 
W. Ham 
F. EF. McMULien 


W. MILier 
ERNEST WILDHABER 


CUTTING OF METALS 


{ppointed in September, 1923. Is studying 

the problems of metal cutting, including tool 

materials, tool desiqn, lubrication, cooling, 
and speeds and feeds 


M. F. Jupkins, Chairman 
N. Guriick, Secretary 
LL. P. ALrorp 

O. W. Boston 

R. C. DEALE 

A. L. DeLeEuw 

C. M. Tompson, Jr. 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. Townsend, Chairman 
C. T. Epeerton, Secretary 
C. E. BARBA 
R. W. Cook 
W. T. DonKIN 
RupeN EKSERGIAN 
G. E. HANSEN 
BENJAMIN LIEBOWITZ 
Davin Lorrs 
(R. D. Brizzovara, Alternate) 
D. J. McApaAM, JR. 
Rk. E. PETERSON 
J. W. ROCKEFELLER, JR. 
B. W. Sr. Clair 
M. F. SAyRe 
T. R. WEBER 
Keith WILLIAMS 
J. K. Woop 
F. P. ZIMMERLI 
O. B. ZIMMERMAN 


ELEVATORS 


Appointed June, 1924, as a subcommittee of 

the Nectional Committee on Safety Code for 

Elevators, to study the function and opera- 

tion of elevator safeties and buffers and 

their associated mechanisms and to develop 

methods of test for the approval of elevator 
safety devices 


(Reorganized August, 1940) 


J. Purrnton, Chairman 
ID. L. LInpquistT. Vice-Chairman 
G. H. Reppert (Alternate) 
J. A. DICKINSON, Necretary 
M. G. Lioyp (Alternate) 
k. M. Bouton 
E. B. Dawson (Alternate) 
K. A. COLATIAN 
G. P. 
F. PaviiceKk. (Alternate) 
J. J. MATSON 
M. B. 
C. R. CALLAWAY (Alternate) 
W. S. PAINne 
J. L. Keane (Alternate) 
C. A. Perers, Jr. 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 
{ppointed December, 1924, as a joint re- 
search committee of the A.S.T.M. and the 
A.S.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Chairman 

H. J. Kerr, Vice-Chairman 

J. W. BoLton, Secretary 

R. H. Anorn 

W. H. ArmMacost 

A. B. BaAgsar 

A. D. BAILEY 

F. FE. Basu 

C. L. CLarK 

E. S. Drxon 

F. B. Foiry 

J. R. FREEMAN, JR. 

H. J. Frencu 

H. W. 

A. J. Herzig 

F. JENKS 

J. J. KANTER 

C. E. MacQuiee 

P. E. McKinney 

L. Ropinson 

A. E. WHITE 

Director, National Bureau of Standards, 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S. 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Electric Insti- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 
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BOILER FEEDWATER STUDIES 


(Continued ) 


EXxeEcuTive CoMMITTEE (Total personnel 41) 


C. H. Fetiows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. RoMER, Secretary 
A. G. CHRISTIE * 

R. E. 

B. W. DE GEER 

Max Hecut 

H. E. Jorpan 

B. PLACE 

. POWELL 

N. SPELLER 

{. F. Stack 

FE. H. TENNEY 

A. E. Waits * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. E. Wuire, Chairman 

D. C. Weeks, Vice-Chairman 

P. A. BANCELL 

H. Y. BASSETT 

R. A. BOWMAN 

D. K. CRAMPTON 

C. A. CRAWFORD 

H. M. CusHING 

R. E. Ditton 

J. R. FREEMAN, JR. 

Vv. M. Frost 

C. F. Harwoop 

G. C. HoLpER 

W. C. HoLMEs 

W. B. PRICE 

M. F. Strack 

H. A. STAPLES 

W. R. WERSTER 

Director, Bureau of Ships, U.S. Navy De- 
partment 


POF 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 
and use 


EARLE BUCKINGHAM, Chairman 

G. H. ACKER 

L. R. BUCKENDALE 

D. L. LINDQUIST 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, U.S. 
Navy Department 


* Official A.S.M.E. representatives serv- 
ing on this committee. 
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MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the 
reconciliation of certain economic laws 
affecting production, to develop formulas 
for management, and to collect and report 
information on management research 


W. FE. FREELAND, Chairman 
F. E. Raymonp, Secretary 
J. H. BARBER 

T. H. Brown 

i. C. Davis 

G. E. HAGEMANN 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


W. D. Hatsey, Chairman 
F. V. HAartTMAN 

M. Hieeins 

A. W. Limonr. Jr. 

HI. E. SAUNDERS 

Kk. SHANOR 

B. WesstroM 

F. S. G. WILLIAMS 

D. F. WInDENBURG 


WIRE ROPE 


Appointed April, 1930, to investigate exist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. FULWEILER, Chairman 
H. LER. Brink 

D. L. Linpquist 

W. MARTIN 

H. 

B. V. EF. NorpBERG 

S. PAINE 

W. J. Ryan 

GEORGE SIMPSON 

L. E. Youne 


CRITICAL PRESSURE 
BOILERS 
Appointed June, 1931, to study the char- 
acteristics of high-pressure forced-circula- 
lion steam-generating units 


STEAM 


H. L. Sorsere, Chairman 
W. H. ArRMAcosT 
A. D. Batley 

KE. G. BAtLey 

F. S. CLarK 

C. H. Fe_tows 
H. J. Kerr 

G. A. OrrokK 

FE. C. Perris 

FE. L. Roprnson 
P. W. THompson 


COTTONSEED PROCESSING 


Appointed December, 1932, to study the 
mechanical problems involved in storing, 
conditioning, and cooking cottonseed meats 


W. R. Woorricu, Chairman 
HoMER BARNES 

C. E. GARNER 

J. F. LEAHY 

R. W. Morton 

B. J. Sams 

R. B. 


ROLLING OF STEEL (PLASTICITY) 


Appointed October, 1988, to study plasticity 
in the particular field of rolling of steel 


A. Chairman 
K. C. BaIn 

C. L. EKSERGIAN 

J. H. Hrrencock 
G. B. KARELITZ 

C. W. MacGrecor 
Morris STONE 

W. TRINKS 


A.S.M.E. Representatives on 
Other Research Comri.ttees 


See also ASME. Representatives on Other 
Activities, page RI-9 


AMERICAN COORDINATING COMMIT 
TEE ON CORROSION 
American Society for Testing Materials 


S. L. Kerr 


(C. H. Alternate) 


CORROSION COMMITTEE 


American Nociety of Refrigerating 
Engineers 


(To be appointed) 


FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 


C. T. EpGerton 


HEAT-TREATMENT OF ROCK DRILL 
STEELS 


Advisory Board of the National Bureau of 
Standards and Bureau of Mines 


(To be appointed) 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. Birrpaum 
PROPERTIES GF REFRACTORY 
MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. Powe. 


WATiR FOR INDUSTRIAL USES 
tmerican Society for Testing Materials 
J. H. WALKER 
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AS.M.E. SOCIETY RECORDS, PART 1 


STANDARDIZATION COMMITTEES 


ARTICLE BOA, 


Par. 2: 


3: The Standing Committee on Standardization shall advise the 


Council on the dimensional standardization work of the Society, including relations with the 
American Standards Association. 


The first Standing Committee on Standardization was organized in April, 1911 


STANDING COMMITTEE 


A. L. BAKER, Chairman (1941) 
J. E. Lovety (1942) 

L. T. KNocke (1943) 

T. Frencn (1944) 

W H. Hitt (1945) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in February, 1929 


AS.M.E. Members (Total personnel, 35) 


R. E. Fuanpers, Chairman + 
EarLE BUCKINGHAM, Secretary 
J. BRYANT 

G. S. CASE 

T. G. CRAWFORD 

A. M. Hovuser ¢ 

H. C. E. MEYER 

P. V. t+ 

MUELLER 

H. Perry 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


A 


on Seope, Arrangement, and Editing 
of American National Standard, R. 
E. FLANDERS 

on Terminology and Thread Specifica- 
tions, Except Gages, C. W. BeTTrcHER 
on Special Threads and Twelve Pitch 
Series, Except Gages (to be = ap- 
pointed) 

No. 4 on Acme and Other Similar Threads, 
Except Gages, EARLE BUCKINGHAM 
on Screw Thread Gages and Inspec- 
tion, G. S. Case 

No. 7 on Wood Screws, ARTHUR Boor 


to 


A 


No. 


or 


Special Subeommittee on Revision of Ameri- 
ean Standard, P. V. MILLER 


PIPE THREADS (B2) 
* Joint sponsorship with the American Gas 


Association. Sectional Committee originally 
organized in 1918. Reorganized May, 1927 


A.S.M.E. Members (Total personnel, 48) 


A. S. MILter, Chairman 
C. B. LePaar, Acting Secretary 
A. BREITENSTEIN + 


KE. J. Bryant 

C. S. Cote 

E. S. Cornet, Jr. 
J. J. Crorry 

A. P. DENTON 

J. J. Harman 

A. M. Houser + 
A. H. JARECKI 


P. V. MILLER + 
F. H. MoreHeap 
W. C. Morris 


_* Note: All of these standards committees 
for which the Society is sponsor or joint 
Sponsor, or on which it has representation, 
are organized under the procedure of the 
\merican Standards Association. 

| Official A.S.M.E. representative serving 
on this committee. 


S. F. NeEwMAN 

L. N. SHANNON 
FRANK THORNTON, JR. 
J. 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 
No. 2 on Taper Pipe Threads, S. B. Terry 


No. 3 on Straight Pipe Threads. A. S. 
MILLER 

No. 4 on Plumbers’ Threads, A. F. BREITEN- 
STEIN 


No. 5 on Serew Threads for Rigid Steel 
Conduit. JAMES BARTON 
on Special Threads for Thin Tubes, 


C. C. WINTER 


No. 


> 


Special Subcommittee on Tolerances on 
Thread Elements, E. J. Bryant 

Special Editing Subcommittee on Taper 
Pine Threads, 8S. B. TERRY 

Special Editing Subcommittee on Straight 
Pipe Threads, PAuLt MILLER 

Special Subcommittee on Truncation, FE. J. 
BRYANT 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 
A.S.M.E. Members (Total personnel, 20) 
W. P. Kennepy. Vice-Chairman + 

D. FE. BATESOLE t 
L. A. CcuM™MINGS 
Oscar H. Dorer 

F. G. Hvuenes 

G. FE. 

L. F. NENNINGER 
S. M. 
ERNEST WOOLER 


ALLOWANCES AND TOLERANCES 
FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 


* Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in September, 19380 


A.S.M.E. Members (Total personnel. 43) 


J. E. Lovery, Chairman + 
F. E. BANFIELD, JR. 
F. S. BLacKALt, JR. 
FE. J. Bryant 

FarLE BUCKINGHAM 
F. H. Corvin + 

T. G. CRAWFORD 

R. E. W. Harrison 
F. O. HoaGLanp 

N. E. Jacosr 

H. C. E. Meyer 

P. V. MILLER 

W. C. MUELLER 

E. C. Peck t 

R. H. Perry 

W. C. ScHOENFELDT 
C. C. STEVENS 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMAN 
R. E. W. 


No. 1 on Tolerance Systems, 
HARRISON 


SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


* Joint sponsorship with the National Ma- 

chine Tool Builders Association and the So- 

ciety of Automotive Engineers. Sectional 
Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 25) 


W. C. Chairman t 
F. O. Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. BRYANT 

EARLE BUCKINGHAM 

F. H. 

S. A. EINSTEIN 

H. E. Harris t 

Joun Haypock 

J. P. Laux 

J. E. Lovety 

A. F. Murray f 

ERIK OBERG 

FRANK THORNTON, JR. 


TECHNICAL COMMITTEES 


EXECUTIVE COM MITTEE 
A.S.M.E. Members (Total personnel, 3) 


W. C. MULLER, Chairman + 
F. O. Vice-Chairman 
H. E. Harris 


No. 1 on T-SLotTs 
A.S.M.E. Members (Total personnel, 7) 


Operc, Chairman 
J. B. ARMITAGE 

Harry CADWALLADER, JR.t 
S. A. EINSTEIN 

¥. O. Hoagianp 


No. 2 on Toot Posts anp Toot SHANKS 
A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
F. S. BLACKWALL, JR. 
GRANGER DAVENPORT t 
M. E. LANGE 


No. 3 ON MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 21) 


E. J. BRYANT, Chairman t 
C. B. LePage, Acting Secretary 
J. B. ARMITAGE 
F. S. BLAcKALL, JR. 
EARLE BUCKINGHAM t+ 
F. H. Cotvin 
J. B. 
(T. F. GITHENS, Alternate) 
B. P. GRAVES 
H. E. Harris 
F. O. 
J. H. Horigan 
A. H. Lyon 
L. F. NENNINGER 


SUBGROUP CHAIRMEN 


Steep Tapers Series, S. MCMULLAN 
Revision of Slow Taper Standard, E. J. 
BRYANT 
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SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


(Continued) 


No. 4 ON SPINDLE NOSES AND COLLETS FOR 
MACHINE TOOLS 
A.S.M.E. Members (Total personnel, 26) 


J. Lovety, Chairman 
L. F. NENNINGER, Secretary 


B. ARMITAGE 

GRAVES 

HOAGLAND t 

ME JONSON 

M. LANGE 

7. Ti. MANSFIELD 

D. SPENCE 

SUBGROUP CHAIRMEN 

No. 1 on Milling Machines, Small and Me- 
dium. J. B. ARMITAGE 

No. 2 on ierge Milling Machines, F. B. 
Ka MPMEIER 

No. 3 oi Grinding Machine Spindles, H. J. 
GRIFFING 

No. 5 on Drilling Machines and Horizontal 


Boring Machines, 8. MCMULLAN 
No. 6 on Turning Machines, Including 
Automatic Screw Machines, Lathes, 
Automatic Lathes, Turret Lathes, 
and Automatic Chucking Machines, 
J. E. Lovety 
on Correlation of Counter Proposals 
for Spindle Noses, J. E. Lovey 


No. 5 ON MILLING CUTTERS 
A.S.M.E. Members (Total personnel, 20) 


J. B. ARMITAGE 

A. N. Gopparp t 

J. H. HoriGan 

G. L. MARKLAND, JR. 
K. Morgan 

Erik Opere 

E. D. VANCIL 


SUBGROUP CHAIRMEN 


No. 1 on Profile Cutters, E. D. VAaNncIL 

No. 2 on Keyways, J. B. ARMITAGE 

No. 3 on Nomenclature, A. C. DANEKIND 

No. 4 on Limits, J. H. Horigan 

No. 5 on Formed Cutters, H. C. HtNGer- 
FORD 

No. 6 on Hobs, G. L. MARKLAND, JR. 

No. 7 on Inserted Tooth Cutters, J. B. 
ARMITAGE 


No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 19) 


JoHn Haypock, Chairman 
EARLE BUCKINGHAM t+ 

T. H. Doan, Jr. 

B. P. GRAVES t 

J. J. McBrive 

FE. R. Smiru 


No. 7 on Twist Sizes 
A.S.M.E. Members (Total personnel, 6) 


W. C. MUELLER, Chairman + 
J. H. Horiean t 


No. 8 on J1G BUSHINGS 
A.S.M.E. Member (Total personnel, 8) 
J. H. Horicgan t 
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No. 9 oN PUNCH PREss TOOLS 
A.S.M.E. Members (Total personnel, 15) 


D. H. CHason 
N. W. DorMAN 
H. E. Harrts t 
D. M. PALMER 


No. 10 oN FormMiInG Toots AND HoLpErs 
A.S.M.E. Members (Total personnel, 9) 


W. C. MUELLER, Chairman + 
WILLIAM HARTMAN t+ 
L. D. SPENCE 
No. 11 on Chucks 
A.S.M.E. Member (Total personnel, 30} 


J. Lovety. Chairman 


SUBGROUP CHAIRMEN 

No. 1 on Master Chuck Jaws, J. E. Lovety 

No. 2 on Adapters for Air Cylinders, J. FE. 
LOVELY 

No. 12 on Cur AND Grounp THREAD TAPS 


(Total personnel, 7) 


No. 13 oN SPLINES AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 14) 


J. B. ARMITAGE + 
R. E. W. Harrison 


F. O. HoaGLAND 
J. E. Lovety t 


B. F. WATERMAN 
No. 17 oN NOMENCLATURE FOR SMALL TOOLS 
AND MACHINE TooL ELEMENTS 
A.S.M.E. Members (Total personnel, 12) 
O. W. Boston, Chairman and Secretary 
F. S. BLACKALL, JR. 
F. H. 
H. E. Harris 
F. O. HOAGLAND 
Ex-Officio Members 
A. N. Gopparp 
W. C. MUELLER 
No. 19 oN Curting Toors 
A.S.M.E. Members (Total personnel, 2 
F. H. Cotvin, Chairman + 
O. W. Boston, Secretary 
No. 20 oN REAMERS 
A.S.M.E. Members (Total personnel, 16) 
F. H. Cotvin 
T. F. GirHens 
J. H. HoriGan + 
H. E. 
SUBGROUP CHAIRMAN 
on Reamer Proposal, C. M. Ponp 
. 21 on Toot-Lire TESTS FOR SINGLE- 
Pornt Toots 
A.S.M.E. Members (Total Personnel, 11) 


O. W. Boston, Chairman 
M. F. JupkINs 


No. 22 STANDARDS OF ACCURACY FOR 
Engines LATHES 


Note.—Sectional Committee B5 recognized 
the Committee on Standards of the Lathe 


Group of The National Machine Tool Build 
ers’ Association as the personnel of this 
technical committee. 


GEARS (B6) 


* Joint sponsorship with the American Gea) 
Manufacturers Association. Sectional Com 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 27) 


B. F. WATERMAN, Chairman 

EARLE BUCKINGHAM, Vice-Chairman + 
©. B. LePage, Acting Secretary 

G. HH. ACKER 

S$. EBERHARDT 
H. Fry 

Bo HAMILTON 
D. T. HAMILroNn 
M. R. HANNA 

O. A. LEUTWILER 
G. L. MARKLAND, JR. 
CARLETON REYNELL 


JR. 


SUBCOM CHAIRMEN 


Executive Committee, B. F. WATERMAN 
No. 1 on Program, B. F. WATERMAN 
No. 2 on Editing Reports, B. F. WATERMAN 
No. 3 on Nomenclature, D. T. HAMILTON 
No. Tooth Form (Spur Gears), U. 
EBERHARDT 

. 9 on Helical Gears, W. P. Scumirrer 
. 6 on Worm Gears, T. R. Ripeoutr 

7 on Bevel Gears, F. L. KNowLes 
.8 on Materials, C. B. Haminton, JR 
No. 9 on Inspection, J. P. BREUER 
No. 10 on Horsepower Rating, EarLe Buck- 

INGHAM 7 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing, and Air Conditioning Contractors Na- 

tional Association and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized October, 1921 


A.S.M.E. Members (Total personnel, 48) 


C. P. Buiss. Chairman + 
J. J. HARMAN, Necretary 
L. W. Benorr t¢ 

A. L. Brown 

SABIN CROCKER 
FERDINAND FINK 

H. E. HALLER 

J. S. Hess 

H. A. Horrer t 

Kk. L. Hopping 

A. M. Houser 

D. S. Jacobus 

C. A. KELTING t 

J R. Kruse (Joun Biizarp, Alternate) 
M. B. MAcNEILL® 

IF. H. Moreneap 

L. S. Morse 

LUDWIG SKOG 

J. R. TANNER t 

. H. TAYLor 

H. L. UNbDERHILL 

G. W. Warts 

J. H. WILLIAMS 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, C. P. Biiss + 

No. 1 on Cast Iron Flanges and Flanged 
Fittings, A. M. Houser 

No. 2 on Screwed Fittings, F. H. Moreurad 

No. 3 on Steel Flanges and Flanged ['it- 
tings, C. P. Buiiss 
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PIPE FLANGES AND FITTINGS 
(Continued) 

No. 4 on Materials Stresses, A. M. 

HOousER 

on Face to Face Dimensions of Fer- 

rous Flanged Valves, J. R. TANNER 


(B16) 


and 


No. 6 on Malleable Tron or Steel Brass 
Seat Unions (to be appointed) 
No. 7 on Rating of Pipe Fittings (to be 


appointed ) 

No. 8 on Marking of Pipe Fittings, F. H 
MORELAND 

No. 9 on Port Openings, W. W. Husparp 


SHAFTING (B17) 


* Sole sponsorship. Organized October, 1918 
AS.M.E. Members (Total personnel, 13) 


C. M. CHapMAN, Chairman + 
C. B. LePage, Secretary 
E. MEYER 

L. C. Morrow 

J. M. Summer 

G.N. Van DERHOEF 

L. W. 


BOLT. NUT. AND RIVET 
TIONS (B18) 
* Joint with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


AS .M.E. Members (Total personnel, 52) 


H. BE. Atpricu 

BILLINGS 

>. G. BRAINE 

G. S. CASE 

T. G. CRAWFORD 

H. P. FRrRear 

A.M. Houser 

HERMAN KOESTER 

S. F. NEWMAN 

R. J. WHELAN 

E. M. 

iJ. J. MeBripe, Alternate) 

0. B. ZIMMERMAN 


PROPOR- 


sponsorship 


SUBCOM MITTEF CHAIRMEN 


and Small 


on Large Rivets (to be 
appointed ) 
No. 2 on Wrench-Head Bolts and Nuts. W. 


KK. MENDENHALL, JR. 


No. 3 on Slotted Head Proportions (to be 
appointed) 

No. 4 0n Track Bolts and Nuts (to be ap- 
pointed) 

No.5 on Round Unslotted Head Bolts 
(Carriage Bolts), M. C. Horine 


No. 6 on Plow Bolts, O. B. ZIMMERMAN 

N on Body Dimensions and Materials 

(to be appointed ) 

No. 8 on Nomenclature, G. S. Case 

No. 9 on Socket Head Cap and Set Screws, 
HrERMAN KOESTER 


PLAIN AND LOCK WASHERS (B27) 


“Joint sponsorship with the Society of 
‘utomotive Engineers. Sectional Commit- 
tee organized August, 1925 
A.S.M.S. Members (Total personnel, 37) 


CALDWELL H. C. E. MEYER 


r. G. CRAWFORD W. C. ¢ * 
B. S. Lewis E. M. 
C. H. Lourret O. B. ZIMMERMAN 


J.J. MeBripe 


AS.M.E. SOCIETY RECORDS, PART 1 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plain Washers, W. L. BAartH 
No. 2 on Spring Washers, E. CowLin 


TRANSMISSION CHAINS AND 

SPROCKETS (B29) 

* Joint sponsorship with the 

Automotive Engineers and the American 

Gear Manufacturers Association. Sectional 

Committee organized September, 1917. Re- 
organized December, 1926 


Society of 


A.S.M.E. Members (Total personnel, 16) 


W. .J. BELCHER 

C. B. JAHNKE t 
JOSEPH Joy 

L. V. Lupy t 

D. B. Perry 

C. R. Wetss 

G. A. YounG 

B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Roller Chain Standardization (to 
be appointed ) 

No. 2 on Silent Chain Standardization, G. 
A. YoOuNG 


FOR PRESSURE PIPING (B31) 


* Nole sponsorship. Sectional Committee or- 
ganized March, 1926. Reorganized Decem- 
ber, 1937 


A.S.M.E. Members (Total personnel, 101) 


CODE 


B. Riekerrs. Chairman 
R. E. Bryant 

S. COoLe 

H. C. Cooper 


( 
D. H. Corry 
SABIN CROCKER 
H. D. Epwarps 
E. R. Fisu 
CHARLES FITZGERALD 
V. M. Frost 
T. W. GREENE 
H. Hacer 
W. D. Hatsey 
J. S. Have 
H. A. Horrer 
G. G. 
E. L. Hopping 
A. M. Hovser t 
ALFRED [pDLES + 
D. S. Jacosus 
T. M. JASPER 


C. A. KELTING 
G. S. LARSEN 
M. B. MAcCNEILLE 


G. W. MARTIN 
H. C. E. Meyer 
J. W. Moore 
(J. D. Capron, Alternate) 
IF. H. 
(W. W. Crawrorpb, Alternate) 
(J. J. HARMAN, Alternate) 
H. H. Morgan 
L. S. Morse 
A. W. Movu.per 
E. W. Norris 
C. W. OBERT 
( . ORROK 
L. PENNIMAN, JR. 
C. S. Roprnson 
J. H. RoMANN 
D. B. RossHEIM 
G. W. SAATHOFF 
G. K. SAURWEIN 
Lupwige SKoG 
H. S. Smira 
(H. H. Moss, Alternate) 


RI-29 


J. R. TANNER 

J. H. TAYtor 

J. H. Vance 

H. L. WHirtreMore 
H. WILLIAMS 
F. 


SUBCOM MITTEE CHAIRMEN 


on Plan, Scope, and Editing, SABIN 
CROCKER 

2 on Power Piping, ALFRED IDDLES 
No. 4 on Gas and Air Piping, J. S. Have 

5 on Refrigeration Piping, A. B. STick- 
NEY 
No. 6 on Oil Piping. A. D. SANDERSON 
No. 7 on Piping Materials anl Identifiea- 

tion. F. H. 

No. 8 on Fabrication Details, Lupwie 
No. 9 on District Heating Piping, G. K. 
SAURWEIN 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

organized November, 1928. Reorganized 
November, 1939 


A.S.M.E. Members (Total personnel, 34) 


“A. P. Corrie 


J. F. Howe + 
F. G. WI son t 


SUBCOM MITTEE CHAIRMAN 
Wire and Sheet Metal Gages, H. W. TENNEY 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized August, 1928 


A.S.M.E. Members (Total personnel, 28) 


A. L. Brown, Secretary 

\ BREITENSTEIN t 

J. Crorry 

L. CURTISS 

W. E. DunHAmM 

J. J. HARMAN 

(F. C. Ernst, Alternate) 
A. M. Howser 

{. C. E. Meyer 

J. H. 


SUBCOM MITTEE CHAIRMEN 


No. 1 to Draft Recommended Specifications 
(to be appointed) 

No. 2 on Basie Thread Dimensions, D. R. 
MILLER 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 
* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized April, 1928 


A.S ALE. Members (Total personnel, 43) 


H. H. Morean, Chairman 
SABIN CROCKER, Secretary 
J. S. ADELSON 
H. E. Avpricu 
E. L. Hopr1ne 
(A. B. Morgan. Alternate) 
A. M. Howser 
D. S. Jacosus t 
(F. S. 
J. J. KANTER 


Alternate) + 
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WROUGHT TRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


(Continued) 


H. C. E. Meyer 
F. H. MoreHeap 
H. B. Oat + 
Lupwie t 
F. N. SPELLER 

J. R. TANNER 
A. E. WHITE 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan, Scope, and Editing, H. H. 
MorGan 
No. 2 on Pipe and Tubing for Low Tem- 
perature Service, J. J. SHUMAN 
vo. 3 on Pipe and Tubing for High Tem- 
perature Service, J. R. TANNER 
.4 on Materials, F. H. Moreneap 


PRESSURE AND VACUUM GAGES 
(B40) 


* Sole sponsorship. Sectional 
organized July, 1930 


A.S.M.E. Members (Total personnel, 44) 


M. D. EnGie, Chairman 
A. W. Lenprerotn, Secretary + 
E. J. BRYANT 

J. P. CavANAvuGH t 
PauL DISERENS 

C. H. GRAESSER 

W. F. Jones 

R. J. KenL 

J. C. McCune tf 

A. H. Morgan 

H. B. 

W. C. SCHOENFELDT 


Committee 


SUBCOM MITTEE CHAIRMEN 


on Plan and Scope, M. D. ENGLE 

on Definitions, C. F. Sciwep 

on Gage Sizes and Mounting Dimen- 
sions, H. B. REYNoLpS 

on Accuracy and Test Methods, O. J. 
Hopere 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized June, 1930 


A.S.M.E. Members (Total personnel, 27) 


F. H. DecHANT 
H. D. TANNER 

L. W. WILLiAMs t 
G. H. Wooprorre 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, HeENry Wysor 

No. 2 on Cold Finished Steels, L. E. 
CREIGHTON 

No. 3 on Hot Rolled Iron (to be appointed) 


SPECIFICATIONS FOR LEATHER 
BELTING (B42) 


* Sole sponsorship. Sectional Committee 
organized February, 1931 


A.S.M.E. Members (Total personnel, 24) 


H. T. Coates 
R. W. DRAKE t 


AS.M.E. SOCIETY RECORDS, PART 1 


Kine HATHAWAY 
J. E. Rwoaps 

G. A. SCHIEREN 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Standard Specifications, R. C. 
BOWKER 

No. 2 on Recommendations for Selection, 
Care, and_ Installation, G. A. 
SCHIEREN 


MACHINE PINS (B43) 


* Joint sponsorship with the Society of 
Automotive Engineers, Sectional Committee 
organized March, 1926 
A.S.M.E. Members (Total personnel, 13) 


E. J. Bryant t 

J. J. McBripe 

H. C. E. MEYer 
O. B. ZIMMERMAN 


SUBCOM MITTEES 
No. 1 on Straight, Taper, and Dowel Pins 
(to be appointed) 
No. 2 on Split Pins (to be appointed) 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 

* Joint sponsorship with the NSociety of 
Automotive Engineers. Sectional Commit- 
tee organized May, 1982 
A.S.M.E. Members (Total personnel, 63) 


E. J. ABBOTT 

. J. BRYANT 

. G. CRAWFORD 

. C. DEALE Tf 

. S. EBERHARDT 
S. A. EINSTEIN 
R. F. Gage 
W. W. GILBERT 
J. J. HARMAN 
R. E. W. Harrison t 
F. V. HartMAN 
F. O. HoaGLanp 
H. J. 
R. T. Kent 
H. F. Kurtz 
A. H. Lyon 
M. W. PETRIE 
F. C. SPENCER 
C. C. STEVENS 
J. S. TAWRESEY 
STEwArT WAY 
C. H. WHITAKER 
ERNEST WOOLER 
JOHN WULFF 


SUBCOM MITTEE CHAIRMEN 


Executive Committee (to be appointed) 

No. 2 on Surfaces Produced by Molds, Dies, 
Rolls, or Any Other Means of De- 
forming Materials (to be appointed) 

No. 3 on Coated Surfaces, G. B. Hogasoom 

.4 on Symbols for Indicating Surface 

Quality on Drawings, T. G. CRAWForD 

No. 5 on Ways, Means, and Apparatus for 
Measuring Quality of Surface (to be 
appointed) 

No. 7 on Standards for Appearance of Sur- 
faces (to be appointed) 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committees 
organized June, 1933 


A.S.M.E. Members (Total personnel, 21) 


C. E. Bronson, Chairman 
W. G. Curisty 

HUNTER 

A. J. JOHNSON 

V. G. Leacu t 

J. P. Macos 

J. FP. McIntire 

F. L. MEYER 

C. A. REED 

Joun VAN Brunt t 


SUBCOM MITTEE CHAIRMEN 


. 1 on Purpose and Seope, C. E. Bronson 
.2 on Combustion and Design, B. M 
GUTHRIE 
3 on Warm Air Furnaces, J. H. MANNY 
. 4 on Steel Heating Boilers, W. B. Rus- 
SELL 
. 5. on Cast Iron Boilers. J. F. McIntire 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship arith. the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 


A.S.M.E Members (Total personnel, 33) 


E. E. ASHLEY 

W. L. BUNKER 
Crosspy 

FE. L. Hoppine 

H. L. MINER 

H. S. Smurru 

FRANK THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


Identification by Colors (to be appointed) 

Classification, Crosny 

Identification Markings Other Than Color 
(to be appointed) 

Executive Committee, A. S. Hensie 

Editing Subcommittee, A. S. Hespie 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 
TION OF PLUMBING EQUIPMENT 
(A40) 


* Sole sponsorship. Sectional Committee 
organized August, 1928 


A.S.M.E. Members (Total personnel, 51) 


C. B. LePage, Acting Secretary 
J. F. CARNEY 
C. S. 
A. M. Houser 
G. W. Martin 
(A. H. MorcGan, Alternate) 
W. K. McAFre 
W. R. WEBSTER t 


SUBCOM MITTEE CHAIRMEN 


on Minimum’ Requirements for 
Plumbing (to be appointed) 
on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN Scrver 
on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. VAN 
ScIVER 

. 4 on Enameled Sanitary Ware, A. H. 
CLINE, JR. 

. 5 on Traps, A. R. McGonre@aL 

. 6 on Brass Plumbing Products, J. L. 
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MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 
TION OF PLUMBING FQUIPMENT 
(A40) 

(Continued) 


No. 7 on Brass Fittings for Flared Copper 
Tubes, F. L. 

No. 8 on Cast Tron Soil Pipe and Fittings 
(to be appointed) 

No. 9 on Gasoline, Oil, and Grease Separa- 
tors (to be appointed) 

No. 11 on Soldered Fittings for Tubing, A 
M. Houser 

No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McArer 


nt Committee on Threaded Cast Tron 
Pipe, F. Morenrap 


Jo 


ELECTRIC MOTOR FRAME 
DIMENSIONS (C28) 


Joint Sponsorship with the National Elec 
trical Manufacturers Association. Sectional 
Committee organized November, 1927 


\.S.M.E. Members (Total personnel, 28) 


(. A. ADAMS 

S. A. EINSTEIN 

W ELy 

F. S. ENGLISH 

W. F. JONES 

A. G. TRUMBULL 1 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 

* Joint sponsorship with the National Elee- 


trical Manufacturers Association. Sectional 
Committee organized March, 1929 
ASME 
E. J. BRYAnt t 
EARLE BUCKINGHAM 


\. Bo Morgan 
S. SANDERSON 4 


Members (Total personnel, 16) 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI 
NEERING (Z10) 

* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the Society for the Promotion of Engineer- 
ing Education. Sectional Committee organ 
ised January, 1926. Reorganized October, 
1935 
A.S.M.E. Members (Total personnel, 39) 
S. A. Moss, Vice-Chairman + 

K. H. Conprr 
R. J. S. Picorr + 

(S. R. Berrier, Alternate) 4 
FRANK ‘THORNTON, JR. 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, S. A. Moss, Vice- 
Chairman 
No. 1 on Letter Symbols and Signs for 


; Mathematics, A. A. BENNETT 
No.2 on Symbols for Hydraulies, J. C. 


STEVENS 
No.3 on Symbols for Mechanics, R. E. 
PETERSON 
No. 4on Symbols for Structural Analysis, 


ALBERT HAERTLEIN 


namics, S. A. Moss 
on Symbols for Photometry, E. C. 
CRITTENDEN 


on Symbols for Heat and Thermody- 
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No. 7 on Aeronautical Symbols, G. W. 
LEwWIs 

No. 8 on Symbols for Eleetrie and Magnetic 
Quantities, J. F. MEYER 

No. 9 on Symbols for Radio, H. M. TURNER 

No. 10 on Symbols for Physies, H. K. 
HluGues 

No. ll on Abbreviations for Engineering 
and Seientifie Terms, G. A. STETSON 

Steering Committee, J. F. MeYER 


DRAWINGS AND DRAFTING ROOM 
PRACTICE (Z14) 

* Joint sponsorship with the Society for the 
Promotion of Engineering Education. Nee- 
tional Committee organized July, 1926 
A.S.M.E. Members (Total personnel, 52) 


T. FE. Frencu, Chairman 
C. W. Kevrrer, Secretary 


I. G. CRAWFORD 
H. P. FReAR 

A. C. HARPER 

R. 

A. M. Houser 


ALFRED IDDLES 
SAMUEL KeTcHUM 
F. R. LANEY 

H. B. LANGILLE 
MICHEL 
F. W. Mine 


W. C. MUELLER 
k. B. Nei 

J. W. Owens 
F. C. PaANvuska 


S. Saerru + 


GRAPHIC PRESENTATION (Z15) 
* Sole sponsorship. Sectional Committee 
organized November, 1926 


A.S.M.E 


G. FEF. HAGeEMANN, Necretary 4 
BIGELOW 

WALLACE CLARK 

T. FE. Frencn 

D. B. Porter t 


Members (Total personnel, 31) 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope (to be appointed) 

No. 2 on Terminology (to be appointed) 

No. 3 on Preferred Practice for Time 
Series Charts, A. H. R1icHARDSON 

No. 4 on Engineering and Scientific Graphs, 
W. A. SHEWHART 


SPEEDS OF MACHINERY (Z18) 


Sectional Committee 
organized May, 1928 


A.S.M.E. Members (Total personnel, 30) 


C. M. t+ 
J. F. Dagcerr 

R. C. DEALE + 
PAUL DISERENS 

F. S. 

D. C. JACKSON 
JouNn REID 

P. G. RuHoaps 

F. C. SPENCER 

O. B. ZIMMERMAN 


* Sole sponsorship. 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope, A. E. Hai 

No. 2 on Questionnaire and Canvass to In- 
dustry, F. S. 

Special Reviewing Committee (to be 
appointed ) 


No. 3- 
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GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE IN 
DRAWINGS (Z32) 

* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized April, 1936 


A.S.M.E. 


Members (Total personnel, 52) 


E. E. ASHLEY 
J. M. BARNES 
T. E. FrRencu + 
G. F. 
DD. T. HAMILTON 
A. M. Hovuser 
(J. J. Harwan. Alternate) 
W. C. MUELLER 
L. L. MuNIER 
W. OWENS 


F. C. PANUSKA t 
T. R. Tuomas 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering, T. E. FRENCH 

No. 2 on Symbols for Use in Electrical En- 
gineering, H. W. Samson 


DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 
Joint Sponsorship with the American Math- 
ematical Society, American WSociety for 
Testing Materials, American Statistical As- 
sociation, Institute of Mathematical Sta- 
tistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 9) 


\. G. ASHCROFT 
W. H. FULWFILER 
L. K. + 
J. S. TAWRESEY + 


A.S. M. E. Representatives on 
Miscellaneous Standardization 
Committees 
See also A.S.M.E. Representatives on Other 

Activities, page RI-9 
ACOUSTICAL MEASUREMENTS 
TERMINOLOGY 


* Sponsor body: Acoustical Society of 
America 


AND 


P. H. 
W. B. Wuitte 

(R. V. Parsons, Alternate) 
(J. S. Parkinson, Alternate) 


AERONAUTICS 


* Sponsor body: Society of Automotive 
Engineers 


E. A. Sperry, JR. 


APPROVAL AND INSTALLATION RE- 
QUIREMENTS FOR GAS BURNING 
APPLIANCES 


* Sponsor body: American Gas Association 
O. F. CAMPBELL 
BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILATION 


* Sponsor bodies: Federal Housing Admini- 
stration and U.S. Public Health Service 


F. R. ScHERER 


£ 
Sager. 
See 
29 
Bey 
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COAL AND COKE 


Committee of American Society for Test- 
ing Materials 


R. M. HarpGrRove 


DEFINITIONS OF ELECTRICAL 
TERMS 


* Sponsor body: American Institute of 
Electrical Engineers 


C. H. Berry 


DRAINAGE OF COAL MINES 
* Sponsor body: American Mining Congress 
O. M. Pruitt 


ELECTRIC WELDING APPARATUS 


* Sponsor bodies: American Institute of 
Electrical Engineers and the National Elec- 
trical Manufacturers Association 


R. E. 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


GEAR LUBRICANTS 


Committee of American Gear Manufac- 
turers Association 


G. B. KARrELITz 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 


* Sponsor body: American Trucking 
Association 


M. C. MAXweELL 


MANHOLE FRAMES AND COVERS 


* Sponsor bodies: A.S.A. Telephone Group 
and American Society of Civil Engineers 


ANTON HANSEN 
Homer RuparpD 
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MECHANICAL STANDARDS 
COMMITTEE 

American Standards Association Committee 
AEFRED IppLEs, Chairman 

(A. L. BAKER, Alternate) 
F. O. HoOAGLANpD 
F. H. Moreneap 

(A. M. Howusrr, Alternate) 
H. H. Morgan 
B. RICKETTS 
FRANK O. HOAGLAND 

(J.C. Firrs, Alternate) 

(H. Wuirremore, Alternate) 


Executive Committee, ALFRED IDDLES 


METHODS OF TESTING WOOD 


“ Sponsor bodies: U.S. Forest Service and 
the American Society for Testing Materials 


C. M. BigeLow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT 


* Sponsor body: American Mining Congress 


(To be appointed) 


PETROLEUM PRODUCTS AND 
LUBRICANTS 


* Sponsor body: American Society for 
Testing Materials 
R. G. N. Evans 
G. B. KARELITz 
(H. J. Masson, Alternate) 
(S. J. NeEeps, Alternate) 


PREFERRED NUMBERS 
* Special Committee of A.S.A. 
K. H. Conpir 


RATING OF RIVERS 
* Sponsor body: U.S. Geological Survey 


D. W. Meap 


ROTATING ELECTRICAL MACHINERY 


* Sponsor bodies: American Institute of 
Electrical Engineers and National Electri- 
cal Manufacturers Association 


CONSTANTINE RICK 
(C. A. Bootn, Alternate) 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 


* Sponsor bodies: American Gas Associa 

tion, American Nociety for Testing Ma- 

terials, American Water Works Associa- 

tion, and the New England Water Works 
Association 


J. FE. Gipson 
L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL 


* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


Rh. A. SHERMAN 
(E. L. Linpseru, Alternate) 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERTALS 


* Sponsor bodies: A.S.A. Fire Protection 
Group, National Bureau of Standards, and 
the American Society for Testing Materials 


R. C. PaRetr 
SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES 
* Sponsor bodies: American Nociety for 


Testing Materials and National Bureau of 
Standards 


hk. M. HarpGRove 


THERMAL INSULATING MATERIALS 


Committee of American Society for Testing 
Materials 


R. H. HemMan 
U.S. INTERDEPARTMENTAL COM- 
MITTEE ON SCREW THREADS 


EARLE BUCKINGHAM 
A. M. Houser 


VOLUME WATER HEATING 
Committee of American Gas Association 


Mark RESEK 


WIRE ROPE FOR MINES 
* Spunsor body: American Mining Congress 


J. L. HARRINGTON 
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POWER TEST CODES COMMITTEES 


ArticLte B6A, Par. 


27: The Standing Committee on Power Test Codes shall, under the 


direction of the Council, have supervision of all the activities of the Society in connection 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 


The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical com- 
mittees appointed to develop particular codes. This worl: began in 1884. 


STANDING COMMITTEE 


FRANCIS HODGKINSON, Chairman (1944) 
A. G. Curistir, Viee-Chairman (1941) 


W. W. LAwReENCE, Junior Observer (1941) 
H. H. Micuetson, Junior Observer (1942) 


Term erpires 1941 


\. G. CHRISTIE 
PauL DISERENS 
Gro. A. OrroK 
L. A. QUAYLE 
W.M. Waite 


Term expires 1942 


W. A. CARTER 
Harte CooKE 

E. R. Fisu 

H. B. OATLEY 

W. J. 


Term erpires 1943 
Louis 
G. A. Horne 
H. B. 
P. W. Swain 
N. Trump 


Term erpires 1944 
C. H. Berry 
FraANcTS HopGKINSON 
D. S. Jaconus 
L. F. Moopy 
FE. B. Ricketts 


Term expires 1945 


THEODORE BAUMEISTER, JR. 
P. H. Harpir 

B. V. FE. Norppero 

R. J. S. Prcorr 

M. C. Stuart 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 
Reorganized, 1939 


TreopoRE BAUMEISTER, JR.. Chairman 
DISERENS 

Henry KREISINGER 

A. R. Mumrorp 

R. H. SNYDER 

©. R. SopERBERG 

M. C. Sruartr 

P. W. Swatn 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 
Reorganized, 1936 


R. J. S. Preorr, Chairman 
L. J. Briees 

W. F. Davinson 

A. LL. 

L. 8. MarKs 

F. G. 

J.C. 

P. W. Swain 

A. C. Woop 


(3) FUELS 
Appointed December, 1918 


W. WoHLeENBERG, Chairman 
E. G. BAILEY 

B. L. Bove 

H. W. Brooks 
S. B. 

M. Myers 

F. G. 

G. S. Pore 

E. B. Rieketts 
F. M. Rogers 

X. 
NICHOLAS STAHL 
EK. N. Trompe 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 
{ppointed December, 1918 


FE. R. Fisn. Chairman 
A. D. BAILey 

M. W. BENJAMIN 
B. J. Cross 
FRISCH 
P. H. HaArpIr 

R. M. HarpGRrove 
ALFRED IDDLES 

FE. L. LInpsETH 

L. MeDonatp 
E. B. Powe. 

SHELLENBERGER 
L. SPENCER 


(5) RECIPROCATING STEAM 
ENGINES 
Appointed December, 1918 
Reorganized, 1931 


A. G. Curistre, Chairman 
Harte CooKE 

K. S. M. Davinson 
HENRIK GREGER 

J. A. HUNTER 

H. G. MUELLER 

B. V. E. NorpBere 

A. V. SAHAROFF 

A. G. WITTING 


(6) STEAM TURBINES 
Appointed December, 1918 


C. H. Berry. Chairman 
I. E. Mov Secretary 
O. D. H. BENTLEY 

W. E. CALDWELL 

C. B. CAMPBELL 

A. G. CHRISTIE 

H. P. DAHLSTRAND 

V. M. Frost 

A. E. GRUNERT 
FRANCIS HopGKINSON 
S. A. Moss 

R. O. MULLER 

T. E. 

G. B. WARREN 


7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


R. D. Hatt, Chairman 
E. H. Brown 

J. N. CHESTER 

J. E. Grrson 

G. L. KoLusere 

M. B. MACNEILLE 

D. W. Meap 

L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 
Appointed December, 1918 
Reorganized, 1936 
M. B. MACNEILLE, Chairman 
H. E. BeckwitH 
R. L. DAUGHERTY 


G. Foitsom 


R. C. GLAZEBROOK 
W. B. Gregory 
R. T. KNAPP 

J. B. LIncoin 
L. F. Moopy 
PETERSON 
F. H. Rogers 
W. C. Rupp 
Max SPILLMAN 
F. G. SwitZer 
W. M. Wuite 
I. A. WINTER 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized 1935 


PAuL DISERENS. Chairman 
G. T. FELBECK 

C. R, Hoventon 

J. F. HUVANE 

R. M. JoHnson 

J. F. D. 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1929 


A. T. Brown, Chairman 
E. L. ANDERSON 
THEODORE BAUMEISTER, JR. 
C. A. Booru 

W. H. CARRIER 

THOMAS CHESTER 

L. E. Day 

Z. G. DevTscu 

S. H. Downs 

P. E. 

J. J. Gros 

H. F. Hagen 

PauL HorrMan 

H. D. Kesey 

A. L. KImMBALi 

R. D. Maptson 

L. S. Marks 

ARVID PETERSON 

H. F. Scumipr 

M. C. Stuart 
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(12) CONDENSERS, WATER HEAT- 


ING, AND COOLING EQUIPMENT 
Appointed December, 1918 


Gro. A. Orrok, Chairman 
P. H. Harpir, Secretary 
C. H. BAKer, JR. 

R. N. EHRHART 

J. F. GRAcr 

D. W. R. Morcan 

H. B. REYNOLDS 

P, E. REYNOLDS 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman t 
A. C. BuENSop 
(R. W. WATERFILL, Alternate) 
J. C. CONSLEY 
(H. B. Powna.., Alternate) 
R. J. Ewer t 
WALTER JONES t+ 
A. W. OAKLEY 
C. L. SVENSON 
FRANK ZUMBRO t 


(14) EVAPORATING APPARATUS 
Appointed December, 1918 
E. N. Trump, Chairman 
B. N. Bump 
E. A. NEWHALL 


H. L. Parr 
L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 
E. C. Scumipt, Chairman 
W. F. KIEsEL, Jr. 
H. B. OatLey 
G. E. RHoaps 
L. K. 
W. E. Wooparp 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. 


(17) INTERNAL-COMBUSTION 
ENGINES 
Appointed December, 1918 
Reorganized, 1939 


Lee SCHNEITTER, Chairman 
F. H. Durcuer. Secretary 
J. C. BARNABY 

G. C. Boyer 

Harte Cooke 


+ Official A.S.M.E. representatives serving 


on this committee. 
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H. E. 

W. L. H. Dovtre 
L. B. Jackson 

E. J. Kates 

). C. MAGDEBURGER 
B. V. E. Norpsere 
RvusseELL 

M. J. REED 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 


Appointed December, 1918 
Reorganized, 1931 


S. L. Kerr, Chairman 
C. M. ALLEN 

L. M. Davis 

H. L. Doouirrie 
W. F. Duranp 

N. R. Gipson 

J. P. Growpon 

T. H. Hoge 

L. J. Hoover 

C. W. Hupparp 
E. C. Hurcuinson 
D. J. McCormack 
L. F. Moopy 

W. J. RHEINGANS 
E. B. SrRowGER 
R. V. Terry 

W. M. WuHuite 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 


W. A. Carrer, Chairman 
C. M. ALLEN 

W. C. ANDRAE 

E. G. BAILEY 

H. S. Bean 

L. J. Briees 

J. D. Davis 

K. J. De JunaAsz 
R. E. DILLon 

F. M. FARMER 

J. B. GRUMBEIN 
W. W. JoHNSON 
W. H. KeENERSON 
E. S. Lee 

E. L. LInpsetu 
OsBoRN MONNETT 
S. A. Moss 

R. J. S. Picorr 
E. B. Ricketts 
W. A. SLOAN 

R. B. 

I. M. STEIN 


(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 
Appointed December, 1921 
Reorganized February, 1940 
C. R. Sopersere, Chairman 


R. J. CAUGHEY 
HArTE COOKE 


W. L. H. Dorie 
S. L. Kerr 
A. F. SCHWENDNER 


~~ 
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(21) DUST SEPARATING APPARATUS 


Appointed October, 19234 


M. D. ENGLER, Chairman 
OLLISON CRAIG, Secretary 
A. D. BAILEY 

H. H. Buspar 

W. G. Crristy 

H. O. Crorr 

J. M. DALLAVALLE 

H. O. Danz 

H. C. DoHRMANN 
Puitip DRINKER 

J. W. FEHNEL 

H. F. HaGen 

P. H. Haropre 

C. W. 

J. H. Leecu 

H. E. MACOMBER 

H. B. MELLER 

H. C. Murpny 

B. F. 


A.S.M.E. Representatives on 
Other Technical Committees 


See also AWN.M BE. Representatives on Other 


\etivities, page RI-9 


DEVELOPMENT OF DEFINITIONS FOR 


THE NET CALORIFIC VALUE 
AND GROSS CALORIFIC 
VALUE OF FUELS 
Nponsor body: American Society for 


Testing Materials 


W. J. WouLeNBERG 


COMMITTEE ON REDEFINING SO- 
CALLED STANDARD TON OF 
REFRIGERATION 
Sponsor body: American Society of 
Refrigerating Engineers 


G. B. Bricur 


COMMITTEE ON GASEOUS FUELS 
Sponsor body: American Society for 
Testing Materials 


FEF. X. ScumMiptr 


COAL TESTING CODE COMMITTEE 


Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 


A. R. Mumrorp 


> 


RI-34 
| 
f 
| 
| 
| 
J 
PES 
Ae 


ArticLe B6A, Par. 25: 


AS.M.E. SOCIETY RECORDS, PART 1 


SAFETY COMMITTEES 


The Standing Committee on Safety shall advise the Couneil on the 


activities of the Society having to do with engineering and industrial safety, except the 
activities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Nafety was appointed in Octoher, 1921. 


STANDING COMMITTEE 


T. F. Haren, Chairman (1941) 
A. W. Luce (1942) 

A. FE. WINbDLE (1943) 

H. C. Hoveuron (1944) 

R. GrRanniss (1945) 


SAFETY CODE FOR ELEVATORS (A417) 
* Joint Sponsorship with the American 
Institute of Architects and the National 
Bureau of Standards. Nectional Committee 
organized November, 1922 
Reorganized July, 1940 


A.S.M.E. Members (Total personnel, 45) 


O. CUMMINGS, Viee-Chairman 
C. R. CALLAWAY 

L. 

D. L. LiInpquist 

N. O. Linpstrom 4 
M. B. 
W. S. PAINE 


SUBCOMMITTEE CHAIRMEN 


IEmergeney Elevator Rules, D. J. PURINTON 

Iexecutive Committee, D. J. PURINTON 

Existing Elevators, D. J. PURINTON 

Inspectors’ Manual. A. COLAHAN 

Mechanical Safety Equipment, D. L. Linp- 
QUIST 

Ways and Means. J. J. MATSON 

Wire Rope, D. J. Purmnton 

Working (to be appointed } 


SAFETY CODE FOR MECHANICAL 
POWER-TRANSMISSION APPA 
RATUS (B15) 

* Joint sponsorship with the International 
{ssociation of Industrial Accident Boards 
and Commissions and the National Conser- 
vution Bureau. Nectional Committee organ- 
ized February, 1921 


AS.M.E. Members (Total personnel, 26) 


M. Naytor, Chairman t+ 
G. Rwoaps, Secretary 
Wricut + 
(G.N. Van Derntorr, Alternate) + 


SUBCOM MITTER CHAIRMEN 


No. 1 on Detail Classification of Belts (to 
be appointed) 

No. 2 on Modification of Rule 223 for Cone 
Pulley Belts (to be appointed) 

No. 3 on Mechanical Power Control, W. 8. 
PAINE 

No. 4 on Use of ASA Code Versus State 
Codes (to be appointed) 

No. 5 on Statisties on Place of Occurrence 
of Accidents (to be appointed) 

No. 6 on V-Belt Drives, D. C. Wricut 


“Note: All of the safety committees 
tor which the Society is sponsor or joint 
sponsor, or on which it has representatian, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American No 

ciety of Safety Engineers—-Engineering Nec- 

tion, National Safety Council. Sectional 
Committee organized May, 1923 


AS.M.E. Members (Total personnel, 24) 


D. L. Rover, Chairman 
H. D. Epwarps 
W. J. GRAVES 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 
* Joint Sponsorship with the National Con- 
servation Bureau. Sectional Committee er- 
ganized November, 1925, Reorganized, April 
1937 


A SALE Members (Total personnel, 


D. L. Rover. Chairman 
T. CoLiey 
W. J. Graves 
M. A. KENDALL t 
(N. W. Alternate) 
P. T. ONbDERDONK 
G. PFEIFFER 
R. B. RENNER 
F. J. Suerarp, Jr 
J. G. WHEATLEY 


SUBCOM MITTER CHAIRMEN 


on All Types of Chain Conveyors, 
Belt Conveyors, Belt Elevators In- 
cluding Steel Belt, and Screw, Track 
or Seraper Conveyors, C. G. PFEIFFER 


No. 2 on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DaLton 
No. 3 on Cable-Operated and Cable Flight 


Conveyors and Cableways, R. Mea. 
KEOWN 

No. 4 on Air, Steam. or Liquid Conveyors, 
J. J. MCNULTA 

No. 5 on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DER- 
RICKS, AND HOISTS (B30) 
* Joint sponsorship with U.S. Navy Depart- 


ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 57) 
Lewis Price t 
F. H. ScHwerin 
R. Wurre t 
H. L. WuirreMore 


SUBCOM MITTEE CHAIRMEN 


I-xecutive Committee, J. C. WHEAT 

No. 1 on Overhead and Gantry Cranes, R. 
H. Wuitre 

No. 2 on Locomotive and Tractor Cranes, 
H. H. VERNON 

No. 3 on Derricks and Hoists, Lewis Price 

No. 4 on Miscellaneous Equipment for 
Cranes and Hoists. L. W. Hopkins 

No. 5 on Jacks, E. W. CARRUTHERS 

Editing Committee, M. G. FLoyp 


A.S.M.E. Representatives on 
Other Safety Committees 
See also ASME. Representatives on Other 
Activities, page RI-9 
SAFETY CODE FOR ABRASIVE 
WHEELS 


“Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 
Canada,and International Association of In- 
dustrial Aecident Boards and Commissions 


J. B. CHALMERS 
SAFETY CODE FOR CONSTRUCTION 
WORK 


American Instilute of 
National Nafety Couneil 


C. H. O'NEIL 


* Sponsor hodies: 
Architects and 


COOPERATION WITH OTHER ENGI 
NEERING SOCTETIES 
Committee of American Nociety of Safety 
Engineers—-Engineering Section, National 


Nafety Council 


H. L. Miner 


ASA SAFETY CODE CORRELATING 
COMMITTEER 
A. W. Luce 
(A. E. WINDLE. Alternate) 


SAFETY CODE FOR EXHAUST 
SYSTEMS 


* Sponsor body: International Association 
of Industrial Aecident Boards and Com- 
missions 


T. F. Haten 
SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RATLINGS, 

AND TOE BOARDS 

* Sponsor body: National Safety Couneil 

A. FE. WINDLE 

SAFETY CODE FOR FORGING AND 

HOT METAL STAMPING 


* Sponsor bodies: American Drop Forging 
Institute and National Safety Council 
C. F. Park 
SAFETY CODE ON COLORS FOR 
IDENTIFICATION OF GAS 
MASK CANISTERS 
Nponsor body: National Safety Council 


L. C. Licuty 


SAFETY CODE FOR LADDERS 


* Sponsor body: American Society of Safety 
Engineers—Engineering Section, National 
Safety Council 


H. C. Hoventon 
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SAFETY CODE FOR LAUNDRY 
MACHINERY AND 
OPERATION 


American Institute of 
Association of 


* Sponsor bodies: 
Laundering, International 


Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES 
Illuminating Engineering 
Society 
A. W. 


* Sponsor body: 


LOW VOLTAGE ELECTRICAL 
HAZARDS 
Special Committee of the American Society 
of Sajety Engineers—Engineering Section, 
National Safeiy Council 


J. P. JACKSON 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION 


* Sponsor body: American Society of 
Refrigerating Engineers 


O. A, ANDERSON 
CrosBy FIELD 
E. W. GALLENKAMP 
W. F. Jones 
(A. W. OAKLEY, Alternate to all A.S.M.E. 
Representatives) 


AS.M.E. SOCIETY RECORDS, PART 1 


SAFETY CODE FOR PAPER AND 
PULP MILLS 


hody: 


* 


Nponsor National Safety Council 


R. L. WELDON 


SAFETY CODE FOR POWER PRESSES, 
AND FOOT AND HAND PRESSES 


~Sponsor body: National Safety Council 


J. B. CHALMERS 


SAFETY CODE FOR PREVENTION 
OF DUST EXPLOSIONS 
* Sponsor bodies: National Fire Protection 


Association and U.S, Department of Agri- 
culture 


R. M. Ferry 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRA- 
TORY ORGANS OF INDUS- 
TRIAL WORKERS 
* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
(T. F. Haren, Alternate) 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES 


* Sponsor bodies: 
Association 


American Foundrymen’s 
and National Founders Asso- 
ciation 


H. M. LANE 


SAFETY CODE FOR RUBBER 
MACHINERY 
* Sponsor bodies: National Safety Council 
and International Association of Industrial 
Accident Boards and Commissions 


E. S. AvLt 


SAFETY IN QUARRY OPERATIONS 
* Sponsor body: National Safety Council 


REDFIELD PROCTOR 
(H. A. Alternate) 


SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS 

Nponsor bodies: National Conservation 

Bureau and National Bureau of Standards 


T. A. WALSH, JR. 


* 


SAFETY CODE FOR TEXTILES 
*Nponsor body: National Safety Council 
I 


M. A. Gourick, JR. 


SAFETY FOR VENTILATION 


* Sponsor body: American Society of Heat 
ing and Ventilating Engineers 


CODE 


Haren 


CODE FOR 

SURFACES 
* Sponsor bodies: American Institute of 
Architects and American Nociety of Safety 
Engineers——Enginecring Section, National 
Safety Council 


SAFETY WALKWAY 


G. K. PALSGROVE 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR 
* Sponsor body: International Association 
of Industrial Accident Boards and Com 
missions 


L. J. 
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BOILER CODE COMMITTEES 


ArtTICLE B6A, Par. 26: The Special Committee on Boiler Code shall, under the direction 
of the Council, have supervision of all the activities of the Society in connection with the 
A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 


The first Special Committee on Boiler Code was organized in Neptember, 1911. 


SPECIAL COMMITTEE J. N. Serger, Evanston, Tl. 

J. A. Srrair, Tulsa, Okla. 

C. I. Smitn, Utah 

Wa. Hawaiian Islands 
Joun H. Michigan 

Warp. North Carolina 


MATERIAL SPECIFICATIONS 
S. Jacosus, Chairman 

R. Fisu, Viee-Chairman 

W. Operr, Honorary Secretary 
\i. Jurist, Acting Necretary 

( A. ADAMS 

HH. Auprici 

H. C. BoarpbMAN 

Perky CASSIDY 

F. S. CLARK 

A. J. Buy 

\. M. Frost 

C. Gorron 

A. M. GREENE, JR. 

W. G. HuMmMpTon 

J. O. Lepcu 

KE. Mouurroe 

O. MYERS 

H. B. OaTLey 

JAMES PARTINGTON JAMES PARTINGTON, Chairman 
WALTER SAMANS ¥. H. Clark 

Ss. K. VARNES J. M. HALL 

A. C. WEIGEL 


Perry Cassipy, Chairman 

A. M. GREENE, JR. 

W. G. HuMptTon 

J. O. Leecn 

P. J. Smirn 

A. C. WEIGEL 
EXECUTIVE COMMITTEE 

D.S. Jacopus, Chairman 

E.R. Fisn C. Chairman 

V. M. Frost W. H. FuRMAN 

C. FE. Gorron G. A. Luck 

C. W. Opert C. W. OBERT 

JAMES PARTINGTON 


MINIATURE BOILERS 


NONFERROUS \VIATERIALS 
SUBCOMMITTEES 


BorLerRs OF LOCOMOTIVES 


H. B. Oariey, Chairman 
J. J. AULL 
W. F. BurRcCHFIELD 
D. K. CRAMPTON 
R. FREEMAN, JR. 
A. M. Houser 
H. B. OaTLey E. F. 
‘p » 
Honorary Members 


W. H. 


Care OF STEAM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 


W. F. 

T. E. DURBAN 

C. L. Huston 

W. F. Jr. 

M. F. Moore 

H. H. VavuGnaNn 

H. LeRoy WuHitney 
CONFERENCE COMMITTEE 

W. FE. ALLEN, St. Louis, Mo. 

T. R. Arcuer, Delaware 

L. M. BARRINGER, Seattle, Wash. 

J. G. St. Joseph, Mo. 

M. Book, Pennsylvania 

H. S. BRUNSON, Minnesota 

hk. S. CARPENTER, Rhode Island 

L. M. Cave, Maryland 

S. CHERRINGTON, Ohio 


City Borer Inspector, Parkersburg, 


W. Va. 
D. J. Copy, Kansas City, Mo. 
A. L. Cotpy, Louisiana 
A. J. Conway, Indiana 
M. A. Epe@ar, Wisconsin 
C. W. Foster, Omaha, Neb. 
M. R. Francis, West Virginia 
W. Furman, New York 
F. D. Garvin, Houston, Tex. 
GERALD GEARON, Chicago, Il. 
©. Hf. Gram, Oregon 
B. GrerzKe, Washington 
A. HeCKINGER, Memphis, Tenn. 
H. K. Ku@en, District of Columbia 
Jor Texas 
P. N. LenoczKy, Ohio 
G. A. Luck, Massachusetts 
(. tk. MeGinnis, Los Angeles, Calif. 
H. H. Mitts, Detroit. Mich. 
J.D. Newcoms, Jr., Arkansas 
Ww L.. Newton, Oklahoma 
F. A. Page, California 
C. Prat, Nashville, Tenn. 
E. K. Sawyer, Maine 
A. Souteman, Tampa, Fla. 
J. Scorr, New Jersey 


M. Gipson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 

J. R. Gat 

FRANK HENRY 

J. A. HUNTER 

H. J. Kerr 

P. B. PLACE 

S. T. 

C. W. Rice 

J. B. RoMeR 

W. C. SCHROEDER 
NICHOLAS STAHL 
F. G. STRAUB 


Ferrous MATERIALS 


D. B. RossHemm, Chairman 
A. B. BAGSAR 

E. C. CHAPMAN 
A. J. 

H. J. Frencu 

W. R. Grunow 
M. B. Hieeins 

W. G. HuMprTon 
A. HURTGEN 

T. McLean JASPER 
J. J. KANTER 

H. J. Kerr 

A. B. KINZEL 

L. J. 

P. McKinney 
N. L. MocHen 

L. Rosprnson 

S. K. VARNES 

A. E. WHITE 

i. WILSON 


HeaATING BOILERS 


C. E. Gorton, Acting Chairman 
C. E. Bronson 

J. A. Darts 

FrerR@uson 

L. N. HUNTER 

W. FE. SrarkK 

J. W. TURNER 


Power BorLers 


H. E. Atpricn, Chairman 
PERRY CASSIDY 

R. Fisu 

V. M. Frost 

D. L. Rover 

A. C. WEIGEL 


RULES FOR INSPECTION 


(This subcommittee is being reorganized) 


SpeciAL DESIGN 


D. B. Wesstrom, Chairman 
H. C. .BoarDMAN 

R. E. Ceci 

T. W. GREENE 

D. B. RossHEIM 

E. O. Waters 

F. S. G. WIrLLIAMs 


UNFIRED PRESSURE VESSELS 


E. R. Fisu, Chairman 
C. A. ADAMS 

C. E. Bronson 

R. E. Cecrn 

PAUL DISERENS 

H. S. Smiru 

D. B. Wesstrom 


WELDING 


Members of A.S.M.E. Boiler Code 


Committee 


JAMES PARTINGTON, Chairman 
E. C. CHAPMAN 

J. H. DrePPELER 

W. D. Hatsry 

J. C. Hopee 

R. K. Hopkins 

J. T. PHILLIPS 

L. A. SHELDON 
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Members of Conference Committee of 
American Welding Society 


C. W. Osert, Chairman 
C. A. ADAMS 

H. C. BOARDMAN 
WALTER SAMANS 

A. C. WEIGEL 


SPECIAL COMMITTEES 
APPROVAL OF NEW MATERIALS 
Cc. A. ApAMS, Chairman 
CLAD VESSELS 
S. K. Varnes, Chairman 
SpectAL COMMITTEE ON COORDINATION 
V. M. Frost, Chairman 
EXTENSION OF FUSION WELDING 
REQUIREMENTS 


H. Chairman 


FEEDWATER 
C. W. Chairman 


THE 


AS.M.E. SOCIETY RECORDS, PART 1 
ISSUANCE OF CopE SyMBoL STAMPS 
C. O. Myers, Chairman 


EXAMINATION OF WELDED 
JOINTS 


RADIOGRAPHIC 


C. A. AvAMs, Chairman 
REVISION OF Secrion VIII or THE A.S.M.F. 
BorLer Cope 


R. Fisu, Chairman 


ror FLANGED CONNECTIONS 


D. B. Wesstrrom, Chairman 

For Disuep Heaps 

C. BoaRDMAN, Chairman 
RULES FOR OPENINGS 


T. D. Chairman 


SAFETY VALVE REQUIREMENTS 


H. B. Oartey, Chairman 


Work or BoILeR Cope CoM MITTEE 


HW. BE. Aupricn, Chairman 


API-ASME COMMITTEF ON UNFIRED 
PRESSURE VESSELS 

WALTER SAMANS, Chairman 
AWS.M.E. Representatives 

R. E. Ceci. 

E. R. Fisu 

D. S. Jaconus 

T. McLean JASPER 

JAMES PARTINGTON 


Representatives 


A. J. Evy 
K. V. 
(P. D. McEurisu, Alternate) 
R. C. 
WALTER SAMANS 
T. D. Tirrr 


WOMAN’S AUXILIARY TO THE A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.E. was organized on May 10, 1928, and its Constitu- 


tion and By-Laws was approved by the Council of the A.S.M.E. on October 27 


1924. The 


objects of the Auxiliary are to render service to all that pertains to the interest of the pro- 
fession of mechanical engineering; to cooperate with any committees of the A.S.M.E.; and 
to assist the sons and daughters of the members of the Society or worthy students ot 
mechanical engineering in obtaining scholarships; and to promote any other objects con 


sistent with the aims or 


OFFICERS 


President, Mrs. F. M. Girson 
First Vice-President. Mrs. E. C. M. 


Second Vice-President. Mrs. A. R. CULLIMORE 


Third Vice-President, Mrs. Crospy 


objects of the A.S.M.E. 


Chairman, Mrs. 
Vice-Chairman, Mrs. J. H. Herron 


STAHL 
See 


FIELD Tre: 


Fourth Vice-President, Mrs. J. Page HARBESON 


Fifth Vice-President, Mrs. J. H. H 


ERRON 


Recording Secretary, Mrs. C. H. Youne 


Corresponding Secretary, Mrs. C. H. Fay 
Treasurer, Mrs. A. H. Morgan 


STANDING COMMITTEE CHAIRMEN 


Education, Mrs. Roy V. WriGHt 
Membership, Mrs. G. E. HAGEMANN 


Publicity, Mrs. A. R. CULLIMORE 


Custodian, Miss BurtieE HAAR 


CLEVELAND 
T. F. GrrHens 

retary, Mrs. Ernest HAVILLON 
isurer, Mrs. WALTER BAGGALEY 


Los ANGELES 


Chairman, Mrs. 8S. S. HANSEN 
Secretary, Mrs. J. C. SCULLIN 
Treasurer, Mrs. BERNARD ToBEN 


METROPOLITAN 


Chairman, Mrs. E. C. M. STant 
First Vice-President, Mrs. J. 


Nosie LANDIS 


COUNCIL REPRESENTATIVES 


A. G. CHRISTIE 
J. H. Herron 


OFFICERS OF LOCAL SECTIONS 
BALTIMORE 
Chairman, Mrs. D. E. Donovan 


Vice-Chairman, Mrs. A. G. CHRISTIE 


Secretary, Mrs. J. H. BERRYMAN 
Treasurer, Mrs. L. F. Corrin 


Second Vice-President, Mrs. R. B. Purpy 
Third Vice-President, Mrs. WEBSTER TALLMADGE 
Recording Secretary, Mrs. C. H. Youne 
Corresponding Seeretary, Mrs. A. C. Coonraptr 
Treasurer, Mrs. C. E. Gus 


PHILADELPHIA 


Chairman, Mrs. J. Page HARrBESON, JR. 
Vice-Chairman, Mrs. E. F. ZEINER 
Recording Secretary, Mrs. J. J. McCartuy 
Corresponding Secretary, Mrs. F. E. WAsHBuRN 
Treasurer, Mrs. W. F. 


d 
: 
| 

Be 

| 

2 

j 


SOCIETY RECORDS, PART 1 


RI-39 


AWARDS 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
AS.M.E. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards will be 
found in a series of articles beginning in the October, 1938, issue 


ol Mechanical Engineering. 


Honorary Membership, to which persons of acknowledged profes- 

sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-42. 
Life Membership, which may be conferred by the Council for 
istinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


{N.V.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service Im engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benetit 


Worcester Reed Warner Medal, provision tor which was made 
in the will of Worcester Reed Warner, Honorary Member of the 
Society, is a gold medal to be bestowed, together with an en- 
craved certificate, on the author of the most worthy paper received, 
dealing with progressive ideas in mechanical engineering or effi- 
cleney Im management, 


Velville Medal, established in 1914 by the bequest of Rear- 
Admiral George W. Melville, Honorary Member and Past-Presi- 
dent of the Society, to be presented, together with an engraved 
certificate, for an original paper or thesis of exceptional merit, 
presented to the Society for discussion and publication, to eneour- 
ve excellence in papers. The medal may be presented annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
board of Honors and Awards. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented ainually, together with an engraved 
certificate, to the young mechanical engineer for outstanding 
achievement in his profession within the ten years after graduation 
trom a regular four-year mechanical engineering course of a 
recognized American college or university. Any mechanical engi- 
heering graduate, not more than thirty-five years of age, whose 
achievement has been all or in part in any field including indus- 
trial, educational, political, research, civic, ete., is eligible. 


Junior Award, annual cash award of $50, established in 1914, 
trom a fund ereated by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 trom a fund created by Charles T. Main, Past-President 
©. the Society, to be awarded, together with an engraved certifi- 
cate, toa Student Member of the Society, for the best paper within 
the general subject of the influence of the profession upon public 
lite. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairman of the Student 
Branches. 


_ Student Awards, two annual cash awards of $25 each, established 
‘n 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certiticates, 
lor the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Var Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
tor travel scholarships and research. 

Woman's Auriliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were made. 
There were no awards for the years not listed. 


A.S.M.E. 


1921 HJgALMAR GorrriIeD CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922. FreperIcK ArtHUR HALsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923. JouN RipLey FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fire 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 Wiurrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

1928 JULIAN KENNEDY, for his services and contributions to the 
iron and steel industry 

1929 Witt1am LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 ALBerT Kinespury, for his research and development work 
in the field of lubrication 

1933. AMBROSE SWASEY, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934. Wuiiis H. CARRIER, ip recognition of his research and de- 
velopment work in air-conditioning 

1935 CuHarLtes T. MAIN, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 Epwarp Bauscn, for meritorious mechanical developments 
in the field of optics 

1937 Epwarp P. BULLARD, for outstanding leadership in the de- 
velopment of station-type machine tools 

1938 SrepHen J. Picorr, for outstanding leadership in marine 
propulsion and construction 

1939 JAMES E. GLEASON, for service to the cause of safer and 
better transportation 

1940 CHARLES F. KETTERING, for outstanding inventions and 
research. 


MepAL 


1924 HsaALMAR GOTFRIED CARLSON, for his inventions and _ proe- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in the World War (diploma in recognition of 
achievements presented in 1921) 

1927 Ambrose Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

1929 Baron CHuzasuro Supa, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamies, by the development of ultra-rapid kinemato- 
graphic methods. 
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Irving LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

HeNry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CoTTRELL, for preeminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
FRANCIS HODGKINSON, for meritorious services in the devel- 
opment of the steam turbine 

Car. E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epwin HowaArp ARMSTRONG, for his leadership in the field 
of radio communication. 


Worcester REED WARNER MEDAL 


DexTeR S. KIMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

RavpH E. FLAnpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 

CuarLes M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE I’. HIrRSHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

RvupeEN EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions 

WILLIAM BENJAMIN GreGorY, for distinguished work in 
hydraulic engineering, which has been the basis for many 
engineering papers. 


MELVILLE MEDAL 


Leon P. Avrorp, “Laws of Manufacturing Management” 
JosePpH W. Ror, “Principles of Jig and Fixture Practice” 
HerRMAN DIepERICHS and WILLIAM D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

ArTHUR E. GrRuUNERT, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. STEPANOFF, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

E. CaLtpwe tt, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. WIKANDER, “Draft-Gear Action in Long Trains” 
H. A. Stevens HowartH, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
Atrred J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Lipetz, “Air Resistance of Railroad Equip- 
ment” 

Lester M. Goipsmi1rTH, for his paper, “High-Pressure High- 
Temperature Turbine-Electric Steamship J. W. Van Dyke” 
Cari A. W. Branpt, for his paper, “The Locomotive Boiler.” 


Spirit oF Saint Louis MepAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pav LITcHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Witt Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press, 
over the radio, and from the speaker’s platform 

JAMES H. DooLirt Le, for meritorious service in the advance- 
ment of aeronautics. 
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Pr Tau Sigma 


Witrrip E. Jonnson, for his development work in the field 
of refrigeration 

JOHN I. YeLLort, JR., in recognition of significant achieve 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
ot Flowing Steam in Diverging Nozzles” 

GrorRGE A. HAWKINS, for significant achievements in high 
pressure steam research and engineering education. 


JUNIOR AWARD 


Ernest 
Oritices” 
L. M. MeMILian, “The Heat Insulating Properties of Com 
mercial Steam-Pipe Coverings” 

K. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. “Heat From Bare 
Wrought-Iron Pipe at ‘temperatures up to 
Fahrenheit” 

F. L. NALLAM, “Preliminary Report on the Investigation 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and S. Crocker, “The Elasticity ot 
Bends” 

R. H. He-Man, “Heat Losses Through Insulating Material” 
GILbert 8S. SCHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

WILLIAM M. FRAME, “Stresses Occurring in the Walls of ar 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AISENSTEIN, “A New Method of Separating the Hy) 
draulie Losses in a Centrifugal Pump” 
ArtHuur M. Waut, Heavy, 
Helical Springs” 

Ep SINCLAIR SMITH, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
EpmMonp M. “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat 
ing Characteristics” 

JoHN I. YeLLorr, Jr., “Supersaturated Steam” 

STANLEY J. MIKINA, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop FF. MULLIKAN, Jr., “Evaluation of Effective Ra 
diant Heating Surface and Application of the Stefan-Boltz 
man Law to Heat Absorption in Boiler Furnaces” 
J. Hooper, “American Hydraulic-Laboratory Prac- 
tice” 

ARTHUR C. STERN, “Separation and Emission of Cinders and 
Fly Ash” 

Rosert E. Newton, for his paper, “A Photoelastic Study 
of Stresses in Rotary Disks.” 


Hickstern, “Flow of Air Through Thin Plat: 
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“Stresses in Closely Coiled 


Cuartes T. MAIN AWarp 


CLEMENT R. Brown, Catholic University of America. Sub 
ject: “The Influence of the Locomotive on the Unity ot 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub 
ject: “Scientific Management and Its Effect Upon Manu 
facturing” 

No Award. Subject: “The Influence of Engineering on Farm 
Production” 

JULES PopNnossorF, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Rosert E. Kiise, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
ry” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
Grorce D. WILKINSON, JR., Newark College of Engineering 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Puiip P. Setr, Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 
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G. Lowett Lafayette College. Subject: “Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Development in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. CONNOLLY, University of Detroit. Subject: 
“Economic Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Brieut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FRANK Dr PouLp, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 


STUDENT AWARD 


Boynton M. GREEN, Stanford University, “Bearing Lubri- 
cation” 

Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Avam, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. HAMMOND and C. W. Hotmperc, The Pennsylvania 
State College, “Study of Surtace Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. E. Hevmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 

Howakrp G. ALLEN, Cornell University, 
Through Paper” 

Kart H. Wuirte, University of Kansas, “Forces in Rotary 
Motors” 

Ricuarp H. Morris and Atsert J. R. Houston, University 
of California, “A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHARLES F. OLMSTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 

H. E. Doouirrie, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

GEORGE STUART CLARK, Stantord University, “Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FRANKLIN and Cuartes H. Smiru, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W.S. Monroomery, Jk., and E. Ray Enpers, Jr., Pennsyl- 
vania State College. “Some Attempts to Measure the Draw- 
ing Properties ot Metals” 

R. E. Peterson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster ot Paris Speci- 
mens” 

Ceci. G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 

ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Roger Irwin Esy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 
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CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistroM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE WHITE, University of Washington, “An 
Investigation of a Rotary Pump” 

GerARD EpeEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. ApAMS and Rricuarp L. Stirm. University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JuLes PopNossorr, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Fosrer, Jr., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 
Wittram A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 


Hueco V. Corptano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of <Al- 
loys” (Undergraduate Award) 


JAMES A. OSTRAND, JR.. Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 

H. Reynotps Hupson, Georgia School of Technology, “Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 
CuarLes P. Bacua, Rutgers University, 
of Metals Subjected to Combined Stress” 
Award) 

Ropert W. BEAL, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanieal 
College, “Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 

DeWirr D. Bartow, Jr., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shatts with Gyroscopic 
Etfects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MARSHALL C. Lone, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

DonaLp C. McSortey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davip T. JAMES, Michigan State College, ‘“Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

GrorRGE W. SHEPHERD, JR., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy (Undergraduate Award). 
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BLAKE R. VAN LEER 
T. KNAPP 
REGINALD WHITAKER 
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HONORARY MEMBERS 
HONORARY MEMBERS IN ELECTED — DIED ELECTED — DIED 
PERPETUITY Sirk CHARLES DovuGLas Fox.. 1900 1921 Eninu THOMSON ..... 1930 1937 
ot tis JOUN RIPLEY FREEMAN..... 1932 1932 HENRY Roninson TOWNE.... 102) 1924 
~ MAJOR-GENERAL GEORGE ILLIAM CAWTHORNE UNWIN 1898 1933 
clety. Died 16146. _ WASHINGTON GOETHALS 1917 1928) SAMUEL MATTHEWS VAUCLAIN 1920 1940 
FRANZ GRAGHOF 1884 1893 OSKAR VON MILLER 1912 1934 
the Bociety. Died 1880 ReEAR-ADMIRAL Ropert STAN- FrRANcIS A. WALKER........ ISS6 1897 
1920 1933. Worcester Reep WARNER... 1925 1929 
1882 1883. GEORGE WESTINGHOUSE ..... 1897 1914 
DECEASED HONORARY MEMBERS CHARLES HAYNES HASWELL... 1905 1907) Sir Wittiam Henry 1900 1913 
NATHANAEL GREENE HERREs- Sir ALFRED FERNANDEZ YAk- 
AMEN 1880 1889  FrRiepRICH GusTAvV HERRMANN 1884 1907 
Sir WILLIAM ARROL......... 1905 1913. GusTAv ADOLPH HIRN....... 1882 1890 
Sir JOHN AUDLEY FREDERICK IS89 1901 LIVING HONORARY MEMBERS 
WILLIAM WALLACE Rosert Wooiston Hunt.... 1920 1923 
ATTERBUBY .............. 1925 1935 BeNJAMIN FRANKLIN  ISHER- Wittiam LAMONT Apborr......... 1940 
Sir BENJAMIN BAKER....... 1886 1907 1894 1915 LORENZO ALLIEVE 1937 
JOHANN BAUSCHINGER ..... 1884 1893 Hener LeAUTE ............. 1891 1916 W. 1940 
Sir Henry Bessemer....... 1891 1898 Erasmus Darwin Leavirr.. 1915 —Evmunp Bruck 1939 
Sir FrepericK JoserpH Bram- Henri Le CHATELIER........ 1927 1936 Hurentnson I. 1936 
1884 1903 ANATOLE MALLET ........... 1912 i919 Mortimer Etwyn Cootty......... 1928 
JouN ALFRED BRASHEAR..... 1908 1920 CHartes H. MaNxnine.. 1913 1919 ALEX Dow 1936 
GUSTAVE CANET ............ 1900 1908 Rear-ApMIRAL George WaAL- WILLIAM FReDERICK DURAND...... 1934 
ANDREW CARNEGIE ......... 1907 1919 LACE MELVILLE ........... 1910 191g) ARTHUR M. GREENE, 1940 
DANIEL KINNEAR CLARK.... 1882 1896 THe HoNorABLE Sir CHARLES Herbert CLARK Hoover.........-.. 1925 
Jutrus EMMANUEL ALGERNON PARSONS ...... 1920 1931 DAvip ScHENCK 1934 
1882 1888 CHarLes TALBor Porter..... 1890 MASAWO KAMO 1929 
Sir JoHN GOODE............ 1889 1892 AvucusTe C. E. RATeav...... 1919 DEXTER SIMPSON KIMBALL. ........ 1939 
COOPER 1882 1883. Sir Epwarp J. Reep........ 1882 1906 ALBERT KINGSBURY 1940 
CHARLES DE FREMINVILLE.... 1919 1936 Franz REULEAUX .......... 1882 1905 CHARLES THOMAS MAIN........... 1939 
CarL GusTAF PATRICK DE CaLvin WInNsor RICE....... 1931 1934 A. ORROK................. 1936 
1912 1913. Pawtmer C. RICKETTS........ 1931 1934 GRANDE UFFICIALE ING. PeRRONE 1920 
1912 1913. HENRI ADOLPHE-EUGENE EOWIN JAT PRINDLE. 1939 
JAMES DREDGE 1886 1906 1882 1608 JAMES A: 6000565 1940 
Victok DWELSHAUVERS-DERY. 1886 1913 CHarRLes M. ScHWAB........ 1918 1939 H. TscHAPPAT........... 1938 
Tuomas EpISON....... 1904 1931 C. WILLIAM SIEMANS....... 1882 1883 HaGuE VAUGHAN.......... 1939 
ALEXANDRE GUSTAVE EIFFEL.. 1889 1923. Viscount’ EI-ICHI SHIBUSAWA 1929 1931 Rigur Honoras_e Lorp Weir...... 1920 
MarsHAL FERDINAND Focu 1921 1929 AMBROSE SWASEY .......... 1916 1918 


PAST-PRESIDENTS 


A list of past vice-presidents, managers, treasurers, and secretaries will be found in the 
1930 Record and Index, pages 10-12. Dates in parentheses denote year of death. 


ALEXANDER LYMAN HOLLEY, Chairman of the Preliminary Meeting 1910 GEORGE WESTINGHOUSE (1914) 
for Organization of The American Society of Mechanical Engineers 1911 Epwarp DANIEL Meter (1914) 
(1882) 1912 ALEXANDER CROMBIE HUMPHREYS (1927) 
1880-1882 Rogert Henry Tuvurston (1903) 1913 WILLIAM FREEMAN MyYkIck Goss (1928) 
1883 ERASMUS DARWIN LEAVITT (1916) JAMES HARTNESS (1934) 
1884 (1006) 915 JOHN ALFRED BRASHEAR (1920) 
1885 JosepHus FLavius HoLLoway (1896) 
1886 COLEMAN SELLERS (1907) ni Ina NELSON Houiis (1930) 
1887 Grorce H. BaBcock (1893) 1918 CHARLES THOMAS MAIN 
1888 Horace SEE (1909) aoe MorTIMER ELWYN COOLEY 
1889 Henry Ropinson Towne (1924) J. (1939) 
1890 OBERLIN SMITH (1926) 
1891 Rosert Hunt (1923) 192 DEXTER SIMPSON KIMBALL 
1893-1894 EckKLEy BRINTON (1895) ROLLins Low (1936) 
1895 Epwakp F. C. Davis (1895) 1925 WILLIAM FREDERICK DURAND 
1895 CuarLes ETHAN BILLINGS (1920) ba 
1896 Joun Frrrz (1913) M. SCHWAB (1939) 
1897 Worcester Reep WARNER (1929) 
1898 CHARLES WALLACE Hunt (1911) 
1899 GrorGE WALLACE MELVILLE (1912) (3003) 
1900 CHARLES Hitt MorcGan (1911) Ror 
1901 SAMUEL T. WELLMAN (1919) 1932 N. Laver 
1902 Epwin ReyNops (1909) 1933 A. A, Porter 
1903 JAMES Mapes Dopce (1915) 1934 Paut Dory (1938) 
1904 AMBROSE SWASEY (1937) 1935 RatpuH E. FLANDERS 
1905 Joun FREEMAN (1932) 1936 L. Barr 
1906 FREDERICK WINSLOW TAYLOR (1915) 1937 James H. Herron 
1907 FREDERICK REMSEN HutTon (1918) 1938 Harvey N. Davis 
1908 MINARD LAFEVER HOLMAN (1925) 1939 ALEXANDER G. CHRISTIE 
1909 JESSE Merrick SMITH (1927) 1940 WarreEN H. McBrypr 
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The page numbers in this section are preceded by the letters “RI,” 


Symbols, Graphical, Comm. 


Abbreviations and Symbols, Letter, Comm... 
Abrasive Wheels, Rep. on Safety Comm.... 
Acoustical Measurements, Reps. on Comm.... 
Administration Organization, Comm......... 
Admissions Comm. 

Advertising Manager, 

Aeronautic Div., Oomms. 
Aeronautics, Rep. on Standardization Comm. 
Air Conditioning, Comm........ 
Alfred Noble Prize, A.S.M.1 


Allowances and Tolerances, Gages, Comm.. 
American Association for the Advancement of 
Science, A.S.M.E. Reps... 


American Standards Association, A.S.M.F 
American Year Book Corporation, A.S.M.E. 
Group 
Applied Mechanics Div., Comms............ 
A.S.M.E. Medal 
Assistant Secretaries, A.S.M.E............ 
Awards, A.S.M.E 


Statements about 
Awards Comm. See 


Honors and Awards Comm. 


Ball and Roller Bearings, Comm 
Biography Advisory Comm.............. 
Boiler Code 


Conference Comm, 
Revision of Section VIII, 
Boiler Feedwater Studies, 
Boilers, Openings, Comm......... 
Boilers, Power ........ 
soilers, Rules for Inspection of, Comm...... 
toilers, Special Design of, Comm.......... 
tolted Flanged Connections, Rules for, Comm. 
Bolt, Nut, and Rivet Proportions, Comm. 


Spec ial C omm. 


Building Code for Light and Ventilation, Rep. 
Cast Iron Pipes, Reps. on Comm.......... 
Center for Safety Education, A.S.M.E. Rep 
Charles T. Main Award 
Chucks and Chuck Jaws, Comm............ 
Coal and Coke, Rep. on Comm...........+6. 
Coal, Clean Bituminous, Rep. on Comm... 
Coal-Handling Equipment, Rep. on Comm.. 
Coal Mines, Drainage, Rep. on Comm...... 
Coal Testing Code, Reps. on Comm....... 
Colleges, Relations With, Comm.......... 
Compressed Air, Work in, afety 


Rep. on 
Comm. 


Compressed Air Mac hinery and Equipment. 
Compressors and Blowers 
Centrifugal and Turbo, Comm......... 
Displacement, Comm. 
Condensers, Water Heating, and Cooling 
Constitution and By-Laws Comm............ 
Construction Work, Rep. on Safety Comm... 
Consulting Practice, Comm................ 
Conveyors and Conveying Machinery, Safety 


Coordinating Comm, (Corrosion), Rep. on... 


Coordination Comm. (Boiler Code).......... 
Coordination Comm. (Heat Transfer)........ 
Correlating Comm. A.S.A. Safety Code, Rep. 
Corrosion, Coordinating Comm., Rep. on.... 
Corrosion, Rep. on 
Council, A.S.M.E. 
Cranes, Derricks, and Hoists, Safety Comm. . 
Cut and Ground’ Thread Taps, Comm... 
Cutting of Metals, Research Comm....... wen 
Cutting Metals, Mach. Shop Prac. Comm... 
Cutting Tools, Single-Point, Comm......... P 
Daniel Guggenheim Medal Fund, Inc., 
Definitions and Values, "Power Test Codes, 


31 
31 
35 
31 
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Depreciation 
Depreciation 
Dimensional 


Studies, Comm... 
Limits and Allowances, 


Comm 


Direct-Fired Fluid Heaters and Boilers, Comm 
Dished Heads, Comm...... 
Displacement Pumps, Reeipros cating Steam 
Drawings and Drafting Room Practice, Comm. 
Drying, Comm. 
Dues-Exempt Members’ Contributions, Comm. . 
Dust Explosions, Rep. on Safety Comm....... 
Dust Separating Apparatus, Comm........ 
Economic Status of the Engineer Comm..... 
Edison Foundation, A.S.M.E. Rep...........- 
Education and Training for the Industries 
Electrical Definitions, Rep. on Comm 
Electric Motor Frames, Comm...........-- 
Electric Sockets and Lamp Bases, Comm.. 
Electrie Welding Apparatus, Rep. on Comm 


Comm. 
Satetv Code, 


Elevators, 
Elevators, 


Comm 


Engineering Foundation, A.S.M.E. Reps. gaa 
Engineering History Comm., A.S.M.E. Reps. 
Engineering Registration, National Bur. of, 
A.B... ‘ 
Engineering Societies, Cooperation in Safety 
Work, Rep. on Comm..........--- 
Engineering Societies Library Board, A.S.M.E. 
Reps. 
Engineering Societies Monographs Comm., 
Engineering Societies Personnel Service, Ine., 
Engineers’ Civic Responsibilities, Comm.. . 
Engineers’ Couneil for Professional Develop 


Reliet Fund, A.S.M.E. 
Apparatus, 
Exhaust Systems, Rep. on Safety 
Feedwater, Boiler Code Comm..............-. 
Feedwater Studies, Boiler, Comm...........-.- 
Ferrous Materials, 
Fire Tests, Building Construction and Ma- 

terials, Rep. on Comm..... 
Floor and Wall Openings, Railings, 

joards, Safety Comm............- 
Food Processing, Comm...... 
Forest Fire Protection, Rep. 
Forging and Hot Metal Stamping, 

safety Comm. 
Foundry Practice, Comm....... 
Frederick W. Taylor Memorial 
Freeman Fund, 
Freeman Scholarships. See John R. Freeman 

Travel Scholarships 

Fritz Medal Board of Award, A.S.M.E. Reps. 
Fuels, Calorifie Values, Rep. on Comm...... 
Fuels, Power Test Code Comm...... auteeah 
Fuel Values, A.S.M.E. 
Fuel Values, Calorific, 
Fusion Welding 
Gages, Pressure 
Gantt Medal 
Gas Burning 


ment, 
Engineers’ National 

Rep. 
Engine Lathes, 
Evaporating 


and Vacuum, Comm........ 
Board of Award, A.S.M. E. Reps. 
Appliances, Rep. on Comm...... 


Gas Mask Canisters, Rep. on Safety Comm.... 
Gas Producers, Comm. 
Gaseous Fuels, Rep. on 
Gear Lubricants, Rep. on Comm.........-- 
Gears, COMM. «cc 
Gear Teeth, Strength of, Comm............ 
George Westinghouse Bust Comm........... ‘ 
Glass, Safety, Rep. on 
Graphic Arte Div., Comme... .. 
Graphic Presentation 
Guggenheim Medal Fund, A.S.M.E. Reps 
Heat Transfer Professional Group, Comms... . 
Holley Medal 

Statement 
Holmes Safety Association, A.S.M.E. Rep 
Honorary Members, List 
Honorary Membership, Statement about....... 
Honors and Awards 


Honors and Awards, Special Comm. of Board of 


Hoover Medal Board of Award, A.S.M.E. Reps. 
Hose Couplings, Screw Threads, Comm...... 
Hydraulic Div., Comms............... 
Hydraulic Prime Movers 
Power Test Codes 
Industrial Furnaces and Kilns, Comm 
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which are omitted in the following index. 


Industrial Instruments and Regulators, Comm. 


Industrial Marketing, 
Industrial Workers, Foundries, Protection of, 
Rep. on Safety Comm........-+--- 
Industrial Workers, Protection of, Rep. on 
Safety Comm. 
Industries, Education and Training for, Comm. 


Instruments and Apparatus, Power Test Codes, 
Internal-Combustion Engines, Comm........ 
International Slectrochemical Commission 
Iron and Steel Bars, Comm...........++++-- 
Iron and Steel Div. See Metals Engineer- 
ing Div. 
Jig Bushings, Comm. 
John Fritz Medal Board of Award, A.S.M.E. 
John R. Freeman Travel Scholarships 
Joseph A. Holmes Safety Association, A.S.M.E. 
Journal of yplied Mechanics, Editor....... 
Junior Award 
Ladders, Rep. on Safety Comm............-- 
Laundry Machinery, Rep. on Safety Comm. . 
Leather Belting, Comm... 
-Life Membership, Statement about.......... 
Lighting Factories, Mills, Rep. on Safety 
Leading Platforms, Rep. on Comm.......... 
Local Sections 
Nominating Comm., Groups of....... 
Regional Group Delegates to Annual Con- 
Locomotives, Boilers of, Comm............. 
Low Voltage Electrical Hazards, Rep. on Safety 
Lubrication Engineering, 
Machine Design, Comm............ 


Machinery, Speeds of, Comm............... 
Machine Shop Practice Div., Comms........ 
Machine Tool Elements, Comm.............. 
Machine Tools, Designations and Working 
Main Award. See Charles T. Main Award 
Management Div., Comms................-. 
Management, Measures of, Comm............ 
Manhole Frames and Covers, Reps. on Comm. 
Manufactured Gas, 
Marston Award, A.S.M.E. Rep.............. 
Materials Handling Div., Comms............ 
Materials, New, Boiler Code Comm.......... 
Material Specitications, Comm.............. 
Mathematical Statistics, Comm....... 
Max Toltz Loan Fund, Statement 
Measures of Management, Comm............. 
Mechanical Power-Transmission 
Mechanical Refrigeration, Reps. on Safety 
Mechanical Separation, Comm............... 
Mechanical Springs, Comm................. 
Mechanical Standards, Reps. 
Meetings and Program Comm............... 
Membership Comm. See Admissions Comm. 


Melville Medal 
Metallurgical Research, Rep. on Comm...... 
Metals, Cutting of, 
Metals, Effect of Temperature on, Comm.... 
Metals Engineering Div., Comms........... 
Metals, Fatigue Phenomena of , Rep. on Comm. 
Mid-West Office, Location 
Miniature Boilers, Comm........ 
Monographs Comm., A.S.M.E. Reps.......... 
National wer of Engineering Registration, 


National Conference of Engineering Positions, 

A.S.M.E. Reps. 
National Defense Comm 
National Fire Waste Council, 
National Management Council, 


A.S.M.E. Rep 
A.S.M.E. Reps. 


National Research Council, A.S.M.E. Rep.... 
Nomenclature, Machine Tools, Comm........ 
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Nominating Comm., 1941 
Nonferrous Materials, Comm..... 
Officers, A.S.M.E., for 1940-1941... 
Oil and Gas Power Div., Comms 
Openings, Rules for, Boiler Code Comm.... 
Paper and Pulp Mills, Rep. on Safety Comm. . 
Papers, Awards and Honors, Process Industries 
Div., Comm. 
Past-Presidents, List of 
Petroleum Div., Comms 
Petroleum Products and Lubricants, Reps. on 
Comm. 
Pipe and Tubing, Comm 
Pipe Flanges and Fittings, Comm 
Pipe Threads, 
Piping Systems, Identification, 
Pi Tau Sigma Award 
Recipients 
Statement about 
Plumbing Equipment, Comm 
Plywood, Use as Engineering Material, ¢ 
Power Boilers, Comm 
Power Div., Comms 
Power Test Codes Comm.. Standing 
Power Test Codes Comms., Technical 
Power Test Codes, General Instructions, 
Preterred Numbers, Rep. on Comm 
Presses, Rep. on Safety Comm... 
Pressure Piping, Code for, Comm 
Pressure Vessels in Service, Care of, Comm. . 
Pressure Vessels, Unfired 
A.P.1.-A.S.M.E. Comm. 
A.S.M.E. Comm. 
Prime Movers 
Hyd. Div. Comm 
Power Test Codes Comm. 
Process Industries Div., Comms 
Professional Conduct Comm 
Protessional Divs. Comm., Standing 
Professional Divs. Exec. Comms 
Professional Divisions, Leadership in, Comm. . 
Publications Comm. 
Special 
Standing 
Pulp and Paper, Comm 
Pumping Machinery, Comm 
Pumps, Centrifugal and Rotary, Comm 
Pumps, Reciprocating Steam-Driven Displace- 
ment, Comm. 
Punch Press Tools, Comm 
Quarry Operations, Rep. on Safety Comm.. 
Railroad Div., 
Ratin¢ of Rivers, Rep. on Comm... 
Reamers, Comm. 
Refractory Materials, Properties of, "Re p. on 
Refrigerating Systems, ‘Comm 
Registration Comm. 
Relations With Colleges 
Representatives on Other Activities 
A.S.M.E 
Boiler Code .... 
Power Test Codes. 


Research Comm., Standing 
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Research Comms., Technical 
Research Precedure Comm. Engineering 
Foundation, A.S.M.E. Rep 

Research Secretaries 

Applied Mechanics 

Heat Transfer 

Management 

Oil and Gas 

Power 


Rock Drill Steels, 
Comm. 
Rolling of Steel (Plasticity), Comm 
Rotating Electrical Machinery, Rep. on Comm, 
Rubber and Plastics, Subdivision 
Rubber Machinery, Rep. on Satety Comm... . 
Safety Comm., Standing... 
Safety Comms., Technical 
Safety Education, Center A.S.M.E. 
Safety Valve Requirements, Comm 
St. Louis Medal. See Spirit of St. Louis Medal 
Sanitation, Comm, 
Scholarships and Loan Funds, Statement about 
Screw Threads for Hose Couplings, Comm.... 
Screw Threads, Standardization, Comm 
Screw Threads, U. S. Comm., Reps. 
Secretarial Staff, A.S.M.E 
Shafting, Comm. 
Sieves for Testing Purposes, Rep. on Comm. 
Single-Point Cutting Tools, Comm wae 
Single-Point Tool-Life Tests, Comm 
Small Tools, Comm.. 
Society Office Operation Comm. 
Solid Fuels, Combustion Space for, 
Specitic Heat of Gases, Comm 
Speed, Temperature and Pressure 
Governors, Comm. 
Speeds of Machinery, Comm 
Spindle Noses and Collets, Comm 
Spirit of St. Louis Medal 
Recipients 
Statement about 
Splines and Splined Shafts, Comm 
Springs, Mechanical, Comm 
Standardization Comm., Standing 
Standardization Comms., Technical 
Standard Ton of Refrigeration, Rep. 
Standing Comms. 
Statistics in Engineering and Manufacturing, 
Comm. 
Steam Boilers, Critical Pressure, Comm 
Steam Boilers in Service, Care of, Comm.... 
Steam Engines, Reciprocating, Comm.. 
Steam-Generating Units, Stationary, Comm... 
Steam Locomotives, Comm 
Steam, Thermal Properties of, Comm 
Steam Turbines, C 
Steel, Rolling of (Plasticity), Comm 
Strength of Gear Teeth.. 
Strength of Vessels, Comm...... 
Student Awards 
Recipients ...... 
Statement about 
Student Branches, List 
Sugar, Comm. 
Sulphur, Comm. 
Surface Qualities, 


Symbols and Abbreviations 
Graphical, Comm. 
Letter, Comm, 
Symbol Stamps, Boiler Code, 
Taylor Memorial, Comm 
Technical Committees 
Boiler Code 
Power Test 
Research 
Safety 
Standardization 
Technical Committees, 
Technology, Board 
Testing Technique Comm 
Testing Wood, Rep. on Comm 
Textile Div., Comms 
Textiles, Rep. on Safety Comm 
Theory and Fundainental Research, Comm... 
Thermal [nsulating Materials, Rep. on Comm 
Thermal Properties >of Steam 
Thermo-Physical iroperties 
Comm. 
Thomas Alva Edison F lation, A.S.M.E. Re p. 
Toltz Fund. See Max Ti itz Loan Fund 
Tool Holders, Comm 
Tool Posts and Shanks, Comm 
Transmission Chains and Sprockets, Comm. . 
T-Slots, Comm. 
Twist Drill Sizes, Comm 
Unfired Heat Transter Equipment, 
Unfired Pressure Vessels 
A.P.1.-A.S.M.E. Comm. 
A.S.M.E. Comm. 
United Engineering Trustees, 
Reps. 
Vegetable Oils, 
Ventilation, Rep. on Safety Comm 
Vermilye Medal Advisory Comm., 
Rep. 
Vessels, Clad, 
Vessels, Strength Under External Pressure, 
Comm. 
Walkway Surfaces, Rep. on Safety Comm.... 
Warner Medal. See Worcester Reed Warner 
Medal 
Washers, Plain and Lock, Comm 
Washington Award Commission, A.S.M.E. Reps. 
Water tor Industrial Uses, Rep. on Comm.... 
Water Hammer, Comm 
Water Heating, Volume, Rep. on Comm.. 
Welded Joints, Radiographic Examination 
Comm. 
Welding 
Boiler Code Comm 
Machine Shop Practice Comm 
Welding Apparatus, Electric, andi on Comm. . 
Westinghouse Bust Comm 
Wire and Sheet Metal Gages, 
Wire Rope, Comm na 
Wire Rope for Mines, Rep. on Comm.... 
Woman’s Auxiliary, Officers f 
Woman’s Auxiliary Scholarship 
Wood Finishing, 
Wood Industries Div., Comms............. 
Worcester Reed Warner Medal 
Recipients of 
Statement about 
Works Standardization, Comm 
Worm Gears, Comm 
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Memorial Biographies 


SOCIETY RECORDS—Part II 


Part I of Society Records for the year 
1941, containing Council and Committee 
personnel and other general information, 
was 1ssued as Section Two of the Trans- 
actions for February, 1941. Part II ts 
published for inclusion with all bound 
copies of Volume 63 of the Transactions 
and distributed to members of the 
Soctety upon request. 


OCTOBER, 1941 


VOL. 63, NO. 7 


tee 
je 
3 
> 


Transactions 


of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


A, Han ey, President 
W. D. Ennis, Treasurer C, E. Davis, Secretary 


COMMITTEE ON PUBLICATIONS: 


C, B. Pacx, Chairman 
F, L. Brapiey A. R. Stevenson, Jr. 
C. R. SoperBerc E, J. Kates 


Grorcs A. Srerson, Editor 


ADVISORY MEMBERS OF THE COMMITTEE ON PUBLICATIONS: 
W. L. Sgatrie, Wasa. N. C. Esaucu, Fra, O. B. Scorer, 2np, New York, N. Y. 


Junior Members 
C. C. Kirsy, New Yorx, N, Y. FraNKLINn H, Fow er, Jr., N, J. 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and Northampton Streets, Easton, Pa. The editorial 
department located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York, N. Y. Cable address, “Dynamic,” New York. Price $1.50 
a copy, $12.00 a year; to members and affiliates, $1.00 a copy, $7.50 a year. Changes of address must be received at Society headquarters two weeks before 
they are to be effective on the mailing list. Please send old as well as new address.... By-Law: The Society shall not be responsible for statements or 0 ~d 
ions advanced in papers or .... printed in its publications (B13, Par. 4)... . Entered as second-class matter March 2, 1928, at the Post Office at Easton, 
under the Act of August 24, 1912.... Copyrighted, 1941, by The ‘American Society of Mechanical Engineers. 


| 
a 
‘ 
| 
| 
| 
| 
f 


Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 

graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accuracy, 
and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent mem- 
bers, these application records are fairly complete. The applications of those who 
became members many years ago, however, contain less detailed data, and in many 
cases the sponsors are no longer alive, so that assistance from this source cannot always 
be obtained. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his 
family cannot be found. While all these factors add to the difficulty of obtaining 
accurate and fairly complete data, every possible source of information is explored, 
with the result that publication of the notice is delayed. The most of the memorials 
in this issue have been prepared under these difficulties. 

It is the practice of the Committee on Publications in the case of some deceased 
members to ask former friends and associates to prepare the obituary. The object 
is to secure a final record that will be more valuable for having been prepared by 
men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this policy are signed by those who wrote them or who 
collaborated in their preparation. To all persons who have thus cooperated, the 
Committee acknowledges its gratitude. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engi- 
neering, Who’s Who in America, and similar publications; the Encyclopedia of 
American Biography, and the National Cyclopedia of American Biography; the 
technical and daily press; colleges and universities and their alumni associations; and 
engineering and other societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Biographies 


HARRY CLINTON ABELL (1871-1938) 


Harry Clinton Abell, of Mandeville, La., retired vice-president of 
the Electric Bond & Share Co., died on November 24, 1938, after a 
brief illness. 

Mr. Abell was born of American parents in Old Fort Garry, near 
Winnipeg, Manitoba, Can., on July 8, 1871, the son of Edmund 
Richard and Nancy (Noel) Abell. His early education was obtained 
at St. John’s College, Winnipeg, from which he entered the service 
of the Canadian Pacific Railway, at Winnipeg, in 1886. After a 
three-year apprenticeship as a machinist he worked at Selkirk, near 
Winnipeg, for a year as draftsman under his father, chief engineer 
for the Hudson Bay Company and Dominion steamboat inspector. 
In 1891-1892 he was employed as a machinist in the Electrical De- 
partment of the Link Belt Machinery Company and in 1892-1893 
was engaged in plant-installation work for the Prince Albert Electric 
Light & Power Co. and repair and construction work for the General 
Electric Company at Winnipeg and the Chicago Edison Company. 

From 1893 to 1896 Mr. Abell was a mechanical-engineering student 
at the Armour Institute of Technology, Chicago, and worked during 
his holidays as a machinist for Fraser and Chalmers. He was em- 
ployed by that organization as draftsman and machinist in 1896-1897 
and after securing a B.S. degree in electrical engineering from Armour 
in 1897, was in marine service with the Anchor and American lines 
and the International Navigation Company for a short time and was 
draftsman for the Robins Conveying Belt Company. During the 
Spanish-American War he served as a marine engineer on the aux- 
iliary cruiser St. Louis. 

Following the war, Mr. Abell again became identified with the 
public-utility industry. For many years he was associated with 
Emerson McMillin & Co. and the American Light & Traction Co. in 
the supervision of plant construction and operation in various parts 
of the United States and Canada. In 1921 he joined the organiza- 
tion of the Electric Bond & Share Co. as vice-president and he con- 
tinued in that office until his retirement from active business in 1933. 
He was also president of the National Power & Light Co. from the 
time of its formation in 1925 until his retirement, when he also re- 
linquished his position as director of the National Power & Light Co., 
vice-president and director of the Electric Power & Light Corp., di- 
rector and chairman of the Memphis Power & Light Co., and vice- 
president and director of the New Orleans Public Service Company. 
Following his retirement as an official of these companies he continued 
to serve them in a consulting capacity for some years. He was 
elected a director of the Chamber of Commerce of the United States 
in May, 1930. 

Mr. Abell became a junior member of the A.S.M.E. in 1900 and 
was promoted to the grade of member two years later. He was al- 
ways an ardent supporter of association work in the gas industry, 
and became a director of the American Gas Institute in earlier years, 
and in 1925 and again in 1926 was elected to the presidency of the 
American Gas Association. He was an associate of the American 
Institute of Electrical Engineers, a former treasurer of the National 
Electrie Light Association, and a member of The Engineering In- 
stitute of Canada. He received a degree in electrical engineering 
from Armour Institute in 1906. He belonged to the Masonic frater- 
nity and to the Engineers’ Club and Bankers Club, New York. 

Mr. Abell is survived by his widow, the former Miss Fannilee Mar- 
tin, of Montgomery, Ala., whom he married in 1902, and by a daugh- 
ter, Miss Margaret A. Abell. 


ARTHUR HERMAN ADAMS (1879-1938) 


\rthur Herman Adams, consulting engineer and inventor, New 
York, N.Y., identified for many years during the early part of his life 
with the Western Electric Company, Inc., died at his home in Yon- 
kers, N.Y., on September 25, 1938. 

Mr. Adams was born on August 8, 1879, at Nordhoff (now Ojai), 
Calif., son of Arthur Herman and Sarah C. (Thomas) Adams. When 
he was about three years old the family moved to Stevensville, Pa., 
where he began his education. From 1887 to 1889 he lived in Ant- 
werp, Belgium, during the next four years in Stevensville again, the 
next year in Alassio, Italy, and from 1894 to 1896 in Paris. He at- 
tended private schools in Belgium and Italy and the Lycée Janson de 
Sailly in Paris. He returned to the United States in 1896 and was 
graduated from the Lawrenceville (N.J.) School the following year 
and from Princeton University in 1901 with an A.B. degree, magna 
cum laude. 

Following his graduation Mr. Adams began his connection with 
the Western Electric Company as an apprentice in the New York 


shops. Upon the completion of his training he was assigned to the 
Design Division, where he engaged in the development of telephone 
apparatus, making at least one invention resulting in a patent, and 
early in 1905 he was made head of that group. At the end of the 
year he was sent to Antwerp to serve as superintendent of the shops 
of the Bell Telephone Manufacturing Company. He remained 
there until the latter part of 1909, during which time he reorganized 
the shops and designed new machines. He had about 1500 men 
under him in the Antwerp shops. 

For about a year after his return to the United States Mr. Adams 
was in the Engineer of Methods organization at the Hawthorne 
Works of the company, Chicago, III., developing, among other shop 
machines, an electrical coil-winding machine of such improved type 
that several hundred were built and patents for it were obtained in 
the United States and several foreign countries. Then he was en- 
gaged for about two years in the development of the printing tele- 
graph in the New York laboratories, his work resulting in several pat- 
ents in this field. In 1912 he went back to Antwerp to supervise 
the design and development of automatic telephone-exchange ap- 
paratus for European conditions. Early in 1914 he returned to New 
York and for four years was busy with the development of the print- 
ing telegraph and various types of automatic and other telephone 
apparatus, work which led to many patents, such as one covering a 
method of determining the number of telephone trunks required to 
economically route telephone traffic. 

Mr. Adams left the Western Electric Company in 1918 to become 
associated with the North Electric Manufacturing Company, Gal- 
ion, Ohio, as superintendent of shops and designer, later being made 
chief engineer. Here he made several contributions to the develop- 
ment of automatic telephone-switching devices, including one dial- 
ing device of advanced design from operating and manufacturing 
standpoints. 

In 1921 he took up the practice of consulting engineering and free- 
lance inventing in New York and he continued in this work the 
greater part of the time until his death, contributing materially to 
the development of railroad train-control systems. He served the 
Western Electric Company again from 1923 to 1927 as assistant 
superintendent of the Manufacturing Development organization at 
the Hawthorne Works, having charge of the development of various 
types of manufacturing machines and processes. Many contribu- 
tions were made by him in these fields, resulting in a considerable 
number of patents. For the next two years he was technical adviser 
to the president of the Manhattan Electrical Supply Company, Inc., 
and this company’s successor, American Machine & Metals, Inc., to- 
gether with the International Telephone & Telegraph Corp. and the 
General Cable Corporation, were his principal clients during subse- 
quent years. He was also a director of the Keldur Corporation, 
New York. ; 

Mr. Adams's creative ability, particularly in the design of smal] 
electromechanical devices, resulted, altogether, in some sixty pat- 
ents, the majority of which were assigned to the companies for which 
he worked. No complete record of them is available, but among 
those mentioned by him, when he became a member of the A.S.M.E. 
in 1922, were the coil-winding machine, already noted; the auto- 
matic calling dial manufactured by the Western Electric in Europe: 
the ‘‘overlapping access” trunking system; and screw-thread rolling 
and braiding machines. He invented and designed ‘‘to order,”’ call- 
ing his specialty ‘“‘comprehensive design,’’ by which he meant the 
adaptation of the design both to the “plant behind it and the uses 
ahead of it.” His experience qualified him to follow his inventions 
through the development and manufacturing problems, including the 
design of special tools and machinery for manufacture. He was 
also experienced in patent work, having handled many of his own in- 
ventions, and was a registered patent attorney. Although he pre- 
ferred design to management problems, he was familiar with factory 
systems and costs. He made a hobby of the theory of dimensions 
and tolerances and of economics. His writings on the latter subject 
during recent years, and also his scattered contributions to the tech- 
nical press, were not regarded by him of sufficient importance for 
listing. His education d experience made him at home in French 
and German and he haa .. reading knowledge of Italian, Flemish, and 
Spanish. 

As a member of the A.S.M.E. Mr. Adams served for a time on the 
Subcommittee on Cutting Fluids of the Special Research Committee 
on Metals Cutting. He was a Fellow of the Royal Society of Arts 
and the American Association for the Advancement of Science, and 
a member of the Telephone Pioneers of America and the Phi Beta 
Kappa fraternity. He served for a time in the naval militia. 
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Surviving Mr. Adams are his widow, the former Edith Riemann, of 
Albany, N.Y., whom he married on his twenty-sixth birthday, and 
three sons, Paul Riemann, Arthur Herman, and Robert Thomas. 


HERBERT WARE ALRICH (1872-1938) 


Herbert Ware Alrich, a recognized authority on gas holders, for 
many years associated with the Consolidated Edison Company of 
New York, Inc., and predecessor companies, died on March 25, 1938, 
while returning from a vacation on the Pacific Coast. He had suf- 
fered a heart attack in San Francisco, Calif., two weeks previously. 

Mr. Alrich was born on February 13, 1872, in Wilmington, Del., 
the son of William Thomas and Jane (Wood) Alrich. He attended 
public schools in Wilmington, part of the time in evening classes, 
folded newspapers for the Morning News there at the age of eleven, 
and at fourteen began work for the Pullman Company, for a time 
being messenger boy for George M. Pullman. From 1888 to 1892 
he worked as a tracer and junior draftsman for Harlan & Hollings- 
worth Co. and Hilles and Jones, both of Wilmington. He then went 
to Philadelphia, Pa., where he was employed in the engineering de- 
partment of William Sellers & Co., Inc., and attended evening classes 
at Drexel Institute. 

In 1897 Mr. Alrich began work in New York as draftsman and 
engineer for the Garvin Machine Company. He first became con- 
nected with the Consolidated organization in 1901 when he helped 
in the enlargement of the Ravenswood gas plant in Long Island City. 
He worked as a draftsman and engineer for other companies in the 
organization until 1913, when he was made assistant engineer of con- 
struction for the Consolidated Gas Company. During his many 
years with this company and its successor, the Consolidated Edison 
Company of New York, Inc., he was actively associated with the 
construction, extension, and maintenance of every gas plant and gas 
holder of the organization. Much of his work was concerned with 
the design and construction of large gas holders and their founda- 
tions, and he was considered an international authority in this field. 
He contributed a number of papers on the subject to technical so- 
cieties and publications, and in 1910 was awarded the Beal Medal of 
the American Gas Institute, the highest annual technical award of 
the gas industry. 

Mr. Alrich became a member of the A.S.M.E. in 1915. He was 
also a member of the American Gas Institute and its successor, 
American Gas Association, and for some years was chairman of its 
special commmittee for compiling procedures for purging gas holders 
and other large containers with inert gas. Other organizations to 
which he belonged included the Society of Gas Engineers and the 
American Geographical Society. 

Surviving Mr. Alrich are his widow, Jessie V. (Cunningham) Al- 
rich, formerly of Winona, Minn., whom he married on December 25, 
1902, and three children, Herberta M. (Mrs. Lawrence) Dempewolff, 
Jessie C. (Mrs. Charles) Regelmann, and DeWitt Clinton Alrich. 
His wife and son were traveling with him at the time of his death. 


HUGH JACOB BAKER (1882-1938) 


Hugh Jacob Baker, president and general manager of Hugh J. 
Baker & Co., Indianapolis, Ind., died on August 12, 1938. 

Mr. Baker was born on December 20, 1882, at Alexandersville, 
Ohio, the son of Jacob and Luella (Waltz) Baker. He received his 
preparatory education in the Steele High School, Dayton, Ohio, and 
was graduated in 1905 from The Ohio State University with the de- 
gree of C.E. in architecture. He began his professional career in the 
Engineering Department of the National Cash Register Company, 
Dayton, a draftsman on the design and repair of plant and power 
machinery. Subsequently he was employed by the American Bridge 
Company, Ambridge Plant, in their Structural Building Department, 
designing, detailing, and checking structural steel for buildings, and 
did similar work for the Brown-Ketcham Iron Works, Indianapolis. 

In 1910, after having been connected for a time with Rubush & 
Hunter, Architects, Indianapolis, Mr. Baker opened his own office in 
that city as Hugh J. Baker, Consulting Engineer, and practiced under 
this name until 1917, when he incorporated his business as Hugh J. 
Baker & Co. In addition to Hugh J. Baker & Co. he also organized 
The Baker Forms Company and Baker-Roos, Inc., and was active in 
the management of all three companies at the time of his death. 

He joined the A.S.M.E. as a member in 1919, and was also a mem- 
ber of the Indiana Engineering Society and of the Concrete Reinfore- 
ing Steel Institute, serving eleven years as treasurer of the latter 
organization. He was a recognized authority in reinforced-concrete 
design in all its branches, and was a licensed and registered engineer 
in the states of Indiana, New York, North Carolina, South Carolina, 
and Tennessee. 

Among the many buildings for which Mr. Baker made the struc- 


TFANSACTIONS OF THE A.S.M.E. 


tural design are the Columbia Club, Scottish Rite Cathedral, the 
Circle Tower, and the Hume-Mansur Buildings in Indianapolis, the 
Flamingo Hotel in Miami Beach, Fla., the Hollywood Hotel in 
Hollywood, Fla., and the Carpenter's Home in Lakeland, Fla. 

Mr. Baker held a number of patents. The principal ones were « 
forming system for rib-form construction in reinforced-concrete 
building and an adjustable shore. 

Mr. Baker married Velma Fenstermaker, of Dayton, Ohio, in 1906 
Mrs. Baker and their two sons, Hugh J., Jr., and John David, sw 
vive him. 


CARL BEHN (1896-19389) 


Carl Behn, vice-president in charge of sales of the American Bosch 
Corporation (formerly United American Bosch Corporation), 
Springfield, Mass., died on November 15, 1939. 

Mr. Behn was born on October 29, 1896, at Denver, Colo., the son 
of Carl F. and Lenetta (Troxell) Behn. He attended grade schools 
and manual training high school in Denver, completing his work 
there in 1914. The Society of Automotive Engineers published the 
following record of his subsequent activities in its Journal for De- 
cember, 1939. 

“Early positions with car-dealer establishments stimulated his in- 
terest in the automotive industry, and after serving in the army, bot!) 
in this country and abroad, during the World War, he became owne: 
of the Battery Specialty Company, in Chicago. After operating 
that company for three years he joined the Robert Bosch Magnet: 
Company, and continued with that organization after it became 
known as the United American Bosch Corporation, specializing in 
the application of fuel-injection equipment and the development of 
the Diesel engine. 

“He left the United American Bosch Corporation in 1936 to be- 
come sales manager of the Philadelphia plant of the Superior Engine 
Division of The National Supply Company (of Springfield, Ohio), 
and later was also appointed assistant to the vice-president (in 
charge of the two Superior engine plants at Philadelphia and Spring- 
field). Mr. Behn returned to United American Bosch in 1938, at 
that time taking the position he held until his death.” 

Mr. Behn had been a member of the Society of Automotive En- 
gineers since 1926 and was vice-president of the society, representing 
the Diesel-Engine Activity Committee, in 1938. He became « 
member of the A.S.M.E. in 1938. He served on the Executive Com- 
mittee of the Oil and Gas Power Division as an associate in 1936 
1937 and as a member in 1938-1939, and contributed a paper, ‘Ex- 
periences With Fuel-Injection Equipment in Oil-Field Service,”’ to 
the meeting of the Division at Tulsa, Okla., in 1935. 

Surviving Mr. Behn are his widow, Ardanelle (Wilson) Behn, 
whom he married in 1919, and two children, Nancy Elsbeth and 
Donald Wilson Behn, all of Longmeadow, Mass. 


JOHN GOSTA BERGQUIST (1869-1938) 


John Gosta Bergquist, president and chairman of the board of the 
American Gas Accumulator Company and associated companies, 
died on August 30, 1938. He was born on May 18, 1869, in the 
Province of Viirmland, Sweden, the son of Eric and Maria (Gilius- 
son) Bergquist. He was educated in Sweden, specializing in chem- 
istry, and came to the United States in his early twenties. He en- 
tered the employ of the Illinois Steel Company in Chicago. During 
the years 1896-1899, while chief chemist at the North Works (Chi- 
cago) of this company, and in addition to his routine duties, he de- 
veloped a new and revolutionary method of manufacturing Portland 
cement, known as the slag process. Subsequently he was in charge 
of the design, construction, and operation of all plants of the Univer- 
sal Portland Cement Company, Chicago, which, like the Illinois 
Steel Company, became subsidiaries of the United States Steel Cor- 
poration. Mr. Bergquist’s work in the construction of the production 
facilities employing his process, and his tenacity in searching for new 
uses for cement, were of material assistance in raising the American 
cement industry to its present size and importance. 

About 1912 Mr. Bergquist went to New York, where he continued 
to serve the Universal Portland Cement Company and the indus'ry 
in a consulting capacity for several years before assuming the presi- 
dency of the American Gas Accumulator Company, an affiliate of the 
Svenska A. B. Gasaccumulator. During his years as head of this 
organization, he broadened the scope of its activities into various 
new fields of public service. 

Mr. Bergquist, a naturalized citizen of the United States, was 
keenly interested in the development of relations between his 
adopted and his native country. In 1917 he became a trustee of the 
American Scandinavian Foundation, one of three Americans of 
Swedish descent chosen to foster the intellectual relations between 
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the United States and Sweden. Other activities in which he was in- 
terested included the Council on Foreign Relations and the Swedish 
Chamber of Commerce of the United States, of which he was a direc- 
tor. He gave much thought to work among Americans of Scandi- 
navian descent, particularly in the Middle West. At his advice, field 
secretaries and literature were sent out to the Swedish, Danish, and 
Norwegian communities throughout the country, and chapters es- 
tablished to bring the Scandinavian-born and native-born Americans 
into closer relationship. 

For several years prior to 1926 Mr. Bergquist was engaged in the 
financing and selection of a statue of John Ericsson, the dedication of 
which in Washington in that year was attended by the Crown Prince 
of Sweden. During the summer of 1938, preceding his death, he was 
guiding arrangements for the celebration of the New Sweden Tercen- 
tenary and the American Swedish Historical Museum in Philadelphia. 

In recognition of his outstanding work as a prominent Swedish- 
American citizen, King Gustaf V made him a Knight, and later a 
Commander, of the Royal Order of Vasa. 

Mr. Bergquist had been a member of the A.S.M.E. since 1912. He 
served the Society as chairman of the Committee on Cement Manu- 
facture and as a member of the Subcommittee on Depreciation and 
Obsolescence in 1913-1914, and during the last ten years of his life 
he represented the A.S.M.E. on the Committee on Highway Research 
(Advisory Board of the National Research Council). 

While living in Chicago, Mr. Bergquist married Grace Cummings 
of that city, who shared in her husband's work for better relations 
and stronger ties between the United States and Sweden. Her 
death followed his by a little more than a year, occurring on Decem- 
ber 26, 1939.—[Memorial based on a tribute by L. M. MERRILL, suc- 
cessor to Mr. Bergquist as president of the American Gas Accumu- 
lator Company, published in the AGA-—Journal, house organ of the 
company's Swedish affiliate. | 


JOHN CHARLES BERTSCH (1859-1939) 


John Charles Bertsch, who resigned as refrigerating and Diesel 
engineer for the Worthington Pump & Machinery Corp., Buffalo, 
N.Y., in August, 1939, because of illness, died in Philadelphia, Pa., 
on November 9, 1939, of uremic poisoning. 

Mr. Bertsch was born on August 29, 1859, at Waldsee, Wiirttem- 
berg, Germany, the son of Johan Nepomuck and Crescentia (Miller) 
Bertsch. Following his early education he served an apprenticeship 
as stonecutter and locksmith in Waldsee, 1872-1875, and attended 
the Royal Building Academy in Stuttgart, from which he was gradu- 
ated as an architect in ISSO. During the next four years he at- 
tended the Royal Schoo! of Mechanical Engineering at Munich, be- 
ing graduated with a master’s degree in ISS4. 

Following this, Mr. Bertsch was an instructor at Staedel Institute, 
Frankfurt-on-Main, for a year, and then was associated with an 
architect in the design and construction of buildings. He was 
manager of granite works at Aussheim, ISS6—ISS8, and of cement 
works at Auerbach from then until the latter part of 1892, when he 
came to the United States in connection with the World’s Fair at 
Chicago, 1893. He was subsequently engaged by the Fred W. Wolf 
Co., of Chicago, manufacturers of Linde ice machinery, and with the 
exception of about a year which he spent as chief engineer for the 
Columbia Brewing Company, Cleveland, Ohio, he was connected 
with the Wolf organization until 1899, serving successively as drafts- 
man, designer and test engineer, and superintendent of erection, in 
charge of all installations of refrigerating machinery. 

In 1899 Mr. Bertsch took charge of the Atlanta, Ga., sales office 
of the Frick Company, of Waynesboro, Pa. Three years later he 
took up consulting work in that city, designing and supervising re- 
frigerating installations for the Federal penitentiary at Atlanta and 
for breweries and hotels. Four years of private practice were 
followed by a year with the Vilter Manufacturing Company, of 
Milwaukee, Wis., supervising the erection of ice plants in Atlanta 
and Waco, Texas. 

From 1907 to 1910 Mr. Bertsch was employed by the Block Syn- 
dicate, of Macon, Ga., as general superintendent of their ice plants 
at Macon and Dublin, Ga., and Jacksonville, Fla. During the next 
three years he again engaged in consulting work in Atlanta and Fort 
Worth, Texas, designing refrigerating equipment for hotel and apart- 
ment buildings. In 1910 he served as an official delegate of the 
United States to the International Congress of Refrigeration in 
Vienna, Austria. 

Mr. Bertsch was the inventor of a number of refrigerating devices, 
beginning in 1898 with his natural-draft cooling tower. In 1912 he 
patented a rotary ammonia compressor, and he was busy from then 
until 1915 developing domestic refrigerating devices, working in New 
York, N.Y., and Providence, R.I. In 1915 he was engaged by the 
Westinghouse Machine Company, of East Pittsburgh, Pa., as re- 
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frigeration research and test engineer in charge of the commercial 
application of the Leblane water-vapor machine. Resigning this 
connection in 1918, he spent a year in Wilkinsburg, Pa., developing 
his invention of an absorption process of gasoline extraction from 
natural gas. In 1919 he went to Tulsa, Okla., where for several 
years he served as consulting engineer for the design and construc- 
tion of gasoline plants and refineries, and from 1923 to 1926 was con- 
nected with the Cosden Refining Company, first as test and gas en- 
gineer and later as chief engineer of the refinery. 

In 1923 he patented a vacuum oil-refining process, and in 1925 a 
continuous automatic absorption system of refrigeration, without 
any moving parts, for domestic and industrial purposes. He returned 
to New York in 1926 to develop the latter invention, and went from 
there to Montreal, Canada, the following year to continue the work. 
In 1933 he patented improvements in brewhouse equipment and lo- 
cated in Buffalo, N.Y., to work for the Buffalo Foundry & Machine 
Co. on the design and equipment of their breweries. The following 
year he was engaged by the Worthington Pump & Machinery Corp. 
to design refrigerating apparatus, station arrangements, and piping 
plans for Diesel and gas engine installations. 

Mr. Bertsch made a number of contributions to the technical press, 
beginning in 1903, when he contributed to the discussion in Ice and 
Refrigeration on the standard ton of refrigeration. During the next 
two years the same journal published a series of articles by him on 
distilling apparatus. In 1937 it carried another series on steam-jet 
refrigeration, and the following year an article on absorption re- 
frigeration. The Electric Journal also published an article by him 
on the steam-jet refrigerating machine in 1917. He had been a 
member of the A.S.M.E. since 1901. He became a naturalized 
citizen of the United States in Chicago in 1897. 

Mr. Bertsch married Alma Kling, of Kenzingen, Baden, in 1893, 
and is survived by her and a son, Carl William Bertsch. 


CHARLES HUDSON BIGELOW (1866-1939) 


Charles Hudson Bigelow, bridge-construction inspector with the 
New Jersey State Highway Commission, Bridge Division, died on 
June 10, 1939, at his home in Plainfield, N.J. He had been with the 
Commission since 1929, being retained beyond the retirement age 
of seventy. 

Mr. Bigelow was born on March 24, 1866, at Salem, Mass., the son 
of Ira Hudson and J. Augusta (Fisher) Bigelow. After two years 
at the Salem High School he attended the School of Mechanic Arts, 
Boston, for a year, 1882-1883, and then served a year as a special 
apprentice in the machine shop of the Naumkeag Steam Cotton Com- 
pany, in Salem. During the next four years he was employed by 
the Bell Telephone Company of Canada, Montreal, partly in the 
machine shops and partly in the stores department. In February, 
1S86, an accident in the shop caused the loss of his right eye. 

Mr. Bigelow entered the Massachusetts Institute of Technology 
in the Class of 1892 and was graduated with a B.S. degree in electrical 
engineering. During his vacations he was employed by the Massa- 
chusetts Electric Engineering Company, Salem Electric Lighting 
Company, and Essex Street Railway, Salem, in wiring and other 
electrical work. After his graduation he was employed by Stone & 
Webster, Boston, where he worked on electric-plant installations 
and power stations as inspector and superintendent of construction. 
In 1893-1894 he was draftsman with Dean & Main, mill engineers 
(engaged largely on the design and construction of two of the early 
steam-electric public service plants), Morley Button Sewing Ma- 
chine Company, and other Boston organizations. At the beginning 
of September, 1894, he entered the service of the West End Street 
Railway Company, which subsequently became a part of the Boston 
Elevated Railway Company. He remained with the company until 
1905, during the first year as inspector on the construction of power 
stations and car houses and also as representative of F. P. Sheldon, 
mill engineer, Providence, R.I., on the construction of the East Bos- 
ton Power Station. He was made assistant to the superintendent of 
motive power and machinery in November, 1895, inspector of power 
stations the following spring, and in 1902 chief mechanical draftsman 
of the Department of Motive Power and Machinery. 

Returning to the employ of Stone & Webster in 1905, Mr. Bigelow 
was superintendent of construction and equipment of a power plant 
at Dallas, Texas. In 1907-1908 he was connected with L. B. Still- 
well and Horatio Foster, of New York, as chief building inspector of 
power and substations at Baltimore, Md., and mechanical inspector 
on the Hudson & Manhattan Tunnel power station at Jersey City, 
N.J. Following this he was for a short time mechanical expert in 
connection with power-station replacement values for the Public 
Service Commission, First District, New York, under Bion J. Arnold. 
From 1908 to 1911 he was again associated with Chas. T. Main, in 
charge of hydraulic work at West Point, Ga., and layouts for woolen 
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mills, particularly the Ayer Mills, Lawrence, Mass. In 1911-1912 
he was assistant superintendent of power and plant for the Yale & 
Towne Manufacturing Co., Stamford, Conn., and also had charge of 
the construction and putting into operation of a branch factory at 
St. Catherine's, Ont., Can. 

In 1912 Mr. Bigelow began a connection of more than ten years 
with the Millville (N.J.) Manufacturing Company, as chief mechani- 
cal engineer of its cotton mills and bleachery. He organized the 
Engineering Department; designed, built, and operated a modern 
power plant that later supplied not only the mill but the local electric- 
light company; and designed and built various buildings as well as 
special machinery and electrical equipment. He became plant en- 
gineer for the Spicer Manufacturing Company, South Plainfield, 
N.J., manufacturers of automobile parts, in 1923, and continued with 
the company until it moved to Ohio in 1928. He had been employed 
by the State of New Jersey, as previously stated, since that time, his 
work relating particularly to engineering accounting in connection 
with the elimination of grade crossings. 

Mr. Bigelow had been a member of the A.S.M.E. since 1904. 
Other organizations to which he belonged, but from which he re- 
signed prior to his death, included the American Institute of Elec- 
trical Engineers, American Electric Railway Association (he was a 
charter member of the Engineering Section of the association), En- 
gineers Club of Philadelphia, and several railroad clubs. He was 
also a charter member of the Union County Chapter of the New 
Jersey Association of Professional Engineers and Land Surveyors. 
While in Millville he served as a director of the public library and 
was chairman of the 4-Minute Speakers (1917-1918). He pub- 
lished occasional articles in the technical press, and was a frequent dis- 
cusser of papers at A.S.M.E. meetings, especially from 1910 to 1920. 
He belonged to the Masonic fraternity and was a past commander 
of the Knights Templar and served as prelate in the Plainfield Com- 
mandery of that order for several years prior to his death. 

Surviving Mr. Bigelow are his widow, Carlotta Hannah (Pulsifer) 
Bigelow, whom he married in Salem in 1896; two sons, George Sam- 
uel and Henry Charles Bigelow; and a daughter, Lois (Bigelow) 
Harold, and five grandchildren, 


CARL ALBIN BJORNSSON (1880-1938) 


Carl Albin Bjornsson, an outstanding engineer in the field of in- 
ternal-combustion engines, died at Olean, N.Y., on July 15,1938. He 
had been a member of the A.S.M.E. since 1915. <A fellow member, 
Alwin Schaller, general manager of McEwen Bros., Wellsville, N.Y., 
where Mr. Bjornsson was chief engineer from 1915 to 1926, said that 
“he not only was thoroughly grounded in all technical phases of oil- 
and gas-engine design, but had the rare ability to put this knowledge 
into practical use.” He was designer and patentee of Diese! and 
semi-Diesel oil engines built by McEwen Bros., and made many 
contributions to the line of products of Clark Bros., Olean, with whom 
he was associated as consultant Diesel engineer from 1926 until his 
death, 

Mr. Bjornsson was the son of Carl Peter and Kristina Charlotta 
(Petterson) Bjornsson. He was born on September 16, 1880, at 
Motala, Sweden, and secured his early education and experience 
there. Following graduation from the Elementar Liiroverk (high 
school) in Motala in 1898, he served an apprenticeship at the Motala 
Verkstad Aktiebalag from October, 1898, to December, 1904. He 
spent about two years in the erecting shops and foundry; a short 
period in the chemical laboratory; and the remainder of the time as 
draftsman and designer in the engineering department. He re- 
ceived an M.E. degree from the Royal Institute of Technology in 
Stockholm in 1903. 

After completing his apprenticeship he came to the United States 
and was employed as a draftsman at the Bethlehem (Pa.) Steel Works 
during the early part of 1905, and for the next four years worked as 
designer successively for the Sullivan Machinery Company, Clare- 
mont, N.H., and the Chicago Pneumatic Tool Company, Franklin, 
Pa., on air compressors and steam engines, the William Tod Com- 
pany, Youngstown, Ohio, on steam engines, blowing and gas engines, 
the Union Iron Works Company, San Francisco, Calif., on steam en- 
gines and installation plans, in charge of the Steam Engine Depart- 
ment, and the Wm. Cramp & Sons Ship & Engine Building Co., 
Philadelphia, Pa., on the Parsons type of marine turbine and various 
auxiliary machinery. 

His deep interest in the Diesel engine prompted Mr. Bjornsson to 
seek firsthand knowledge and practical experience in Europe in 1909. 
He worked as a designer with Dr. H. Giildner (a former associate of 
Rudolf Diesel) at the Giildner Motoren Gesellschaft, Aschaffenburg, 
for some months, in the Kérting Bros. Works for a short time study- 
ing their methods and machinery, and in Sweden as test engineer and 
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designer in the Vagn och Maskinfabriken, at Falun, on two-cycle, sur- 
face-ignition oil engines and on small alcohol engines. 

Mr. Bjornsson returned to the United States in the fall of 1910 
and joined the Oil Engine Department of the De La Vergne Machine 
Company in New York. Concerning his work there, which continued 
until February, 1914, he said: ‘During my connection with this com- 
pany we brought out their type ‘DH’ medium-compression horizontal 
four-cycle engine,”’ and Mr. Bjornsson deserves credit. for a good share 
in this development. 

Mr. Bjornsson left this company to become assistant chief engineer 
for the MeIntosh & Seymour Corp., Auburn, N.Y., where he was 
put in charge of development work on four-cycle engines, including 
research work on new fuel-pump and governor designs. 

During his years with Clark Bros., Mr. Bjornsson was partly or 
entirely responsible for a number of products. He helped redesign 
and develop the Clark injection system. Extensive research work 
was conducted in developing the two-cycle double-acting engine and 
Mr. Bjornsson was copatentee with Mr. Clark of some of its features. 
Among the products designed under his supervision are vertical high- 
speed two-stage compressors; a line of high-pressure cylinders for 
1500 to 2500 lb working pressure and similar designs of forged-steel 
cylinders for 4000 lb pressure, for repressure work in the Texas oil 
fields; horizontal pumping engines and direct-connected gas and air 
compressors, convertible to Diesel or gas operation; a 17-in. two- 
eycle power cylinder, designed for either downward or overhead ex- 
haust, which entailed a great deal of research work; and cylinders for 
ammonia, carbon dioxide, and propane for chilling processes. 

Mr. Bjornsson recorded little of his work in technical papers. One 
article entitled ‘‘Compressed Air Transmission for Diesel Locomo- 
tives,’’ presented before the A.S.M.E. Oil and Gas Power Division 
Meeting in Tulsa, Okla., in May, 1935, was published by Diesel 
Power in that month's issue. 

In addition to his membership in the A.S.M.E., he was a Knight 
Templar in the Masonic fraternity, and a member of the Musical 
Club and the Rod and Gun Club in Wellsville. During his boyhood 
and college days he was awarded prizes in ice skating, skiing, and 
marksmanship. Later in life he turned to fishing, reading, and music 
for recreation. 

Mr. Bjornsson married Gerda Lovisa Johansson in 1909 and is 
survived by her and a daughter, May (Mrs. Harry Bryan Neel, ID), 
both of whom reside in Albert Lea, Minn. 


GEORGE ROBERT BOTT (1879-1937) 


George Robert Bott, a member of the A.S.M.E. since 1913, died 
suddenly of heart failure at his summer home, Trinity Pass, Pound 
Ridge, N.Y., on August 14, 1937. Mr. Bott was born on March 20, 
1879, in Burlington, Iowa, son of George Joseph and Lena (Schmidt) 
Bott. He received his preparatory education in Columbus, Ohio, 
and entered The Ohio State University with the Class of 1901. For 
a year after he had obtained his M.E. degree he taught drawing at 
the Miller Manual Labor School, Miller School, Va., and then spent 
several years in industrial work, as follows: experimental engineer, 
Case Crane Company, Columbus; chief draftsman, Kincade & Lig- 
gett (now Ohio Elevator & Machine Co.), Columbus; engineer and 
manager of Auto Department, Muncie Wheel & Jobbing Co., Muncie, 
Ind.; and engineer, Nordyke & Marmon Co., Indianapolis, Ind. 

He returned to The Ohio State University in 1906 to teach in the 
Engineering Drawing Department and remained there for two years. 
In 1908-1910 he did private work with the Oxy-Hydrogen Furnace 
Company, Columbus, and during the next two years was engaged in 
further private and consulting work in that city. He then took a 
position as assistant engineer, Fuel Department, Arthur D. Little 
Co., Boston, Mass., remaining from October, 1912, to February, 1913. 

After leaving the Little company, Mr. Bott was connected with 
the Norma Company of America, New York, N.Y., which later be- 
came known as the Norma-Hoffman Bearings Corporation, located 
at Stamford, Conn. At the time of his death he was serving the 
latter company as chief engineer and director. He was a pioneer in 
the antifriction bearing industry and held numerous patents in that 
field as well as a number of patents on electrical dry-shaving and 
other devices. 

Mr. Bott was a representative of A.S.M.E. on the Sectional Com- 
mittee on the Standardization of Ball and Roller Bearings from its 
organization in 1920 until his death, and chairman of the Subcom- 
mittees on Annular Ball Bearings and Annular Ball Bearings 
Light, Medium, and Heavy Series, from 1929 until his death. As a 
member of the Society of Automotive Engineers he became interested 
in its standardization work in 1917. He became vice-chairman of 
the Ball and Roller Bearing Division of the Standards Committee 
in 1926 and its chairman in 1930, and continued in that office until 
his death. 
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Surviving Mr. Bott are a brother, William E. Bott, of Columbus, 
and two sons, George Robert Bott, Jr., and Alan R. Bott. His wife, 
who died in 1936, was Florence (Harris) Bott. They were married 
in 1918. 


JOHN HODSON ALFRED BOUSFIELD (1877-1937) 


John Hodson Alfred Bousfield died at his home at Oak Knoll, near 
Hollidaysburg, Pa., on March 19, 1937. He was born on March 3, 
1877, at Victoria, Australia, son of John Monkhouse and Mary 
Elizabeth (Robison) Bousfield. He was educated in the Bendigo 
High School and the Bendigo School of Mines, affiliated with Mel- 
bourne University, where he was awarded the Diploma of Municipal 
Engineer in 1904. Later, after coming to the United States, he took 
a correspondence course in law, obtaining an LL.B. degree from 
Lincoln-Jefferson University, Hammond, Ind., in 1911. 

From 1896 to 1900 Mr. Bousfield was an apprentice with J. M. 
Bousfield & Co., manufacturers of mining machinery, Bendigo. 
He then spent three years as draftsman in the chief engineer's de- 
partment of the Victorian Government Railways, and in 1903-1904 
was employed by the Western Australian Government Railways as 
draftsman and inspector in the Mechanical Engineering Depart- 
ment, and assisted in the design of heavy consolidation-type loco- 
motives and in the design and erection of new workshops at Midland 
Junction. 

After his emigration to the United States in 1904, Mr. Bousfield 
was employed by the Pennsylvania Railroad at Altoona, Pa., as 
draftsman in the Mechanical Engineering Department, in charge of 
work on freight cars and scales. He left this position in 1910 to go 
to E. & T. Fairbanks & Co., scale manufacturers, St. Johnsbury, Vt., 
as chief engineer in charge of design and construction. In 1918 he 
transferred to the New York office, where for six years he served as 
vice-president of the company and export manager for its West 
Indian and Mexican trade. In May, 1924, he returned to St. Johns- 
bury as chief engineer of the scale factory. Two years later he was 
appointed general manager of the plant and he continued in that 
position until he resigned in 1935 because of ill health. During his 
years with the Fairbanks company he took out many patents (the 
most of which were assigned to the company) on scales which are 
widely used at present. It was in connection with this phase of his 
work that he took his law course, paying especial attention to pat- 
ents. 

Besides his membership in the A.S.M.E., which he joined as a 
member in !912, he belonged to the American Association for the 
Advancement of Science, American Association of Railway Engi- 
neers, and Society of American Military Engineers. 

During his residence in St. Johnsbury, Mr. Bousfield was a mem- 
ber of the Board of Selectmen for a term of years, a trustee of the St. 
Johnsbury Academy, the Brightlook Hospital, the Fairbanks Mu- 
seum of Natural Science, and the Passumpsic Savings Bank. He 
was also a member of the Elks and Masonic fraternal orders, holding 
high rank in the latter, and of the Rotary Club, Sphinx Club, and 
Country Club, of which he was a past-president. He became a 
naturalized citizen of the United States at St. Johnsbury in 1912. 
In the same year he married Florence Dysart Sargent, of St. Johns- 
bury, by whom he is survived. 


ERNEST LAWRENCE BROOME (1869-1938) 


Ernest Lawrence Broome, engineer and estimator for The M. W. 
Kellogg Co., Jersey City, N.J., died on September 10, 1938. He is 
survived by his widow, Grace G. Broome. 

Mr. Broome was born at Central Falls, R.I., on August 25, 1869, 
son of Robert and Margaret (Monkhouse) Broome. He attended 
the local schools and at the age of sixteen entered upon a two-year 
apprenticeship with Hall and Makepeace, architects and mill en- 
gineers, Providence, R.I. Following this he had practical experience 
in drafting and shop work with various employers in Rhode Island 
and Massachusetts for about five years. 

In the fall of 1891 he engaged in power-station-design work for the 
West End Street Railway Company, Boston, and a year later went 
to New York, where he was first employed as chief draftsman on 
street-railway appliances by E. C. White & Co. and next held a 
Similar position with the Sprague Electric Elevator Company. Sub- 
sequently he was a draftsman with the Metropolitan Street Railway 
Company and Manhattan Railway Company, New York, until 1902, 
when he became assistant mechanical engineer for the White Moun- 
tain Paper Company, Portsmouth, N.H. He returned to railway 
work the following year, and until 1907 was employed in designing 
and directing the installation of steam and mechanical equipment in 
the Port Morris and Yonkers power stations of the N.Y. Central 
Railroad. 
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From 1907 to 1928 Mr. Broome was mechanical engineer for Vielé, 
Blackwell & Buck, New York, engaged in steam and hydraulic en- 
gineering connected with power development. During the next 
five years he was sales engineer for the Phillips & Davies Manufac- 
turing Co., dealers in structural iron and steel, of Kenton, Ohio. In 
July, 1934, he took the position with The M. W. Kellogg Co. which 
he held at the time of his death. 

Mr. Broome supplemented his early education with studies at 
Cooper Union in 1897 and 1898, receiving B.S. and M.E. degrees. 
He held patents on hydraulic gates, including the Broome self-closing 
sluice gate. He became a junior member of the A.S.M.E. in 1898 
and was promoted to the grade of member in 1909. He was a Mason 
and a Shriner. He is survived by his widow, Grace G. Broome, of 
Tarrytown, N.Y., whom he married in 1897, and by three children, 
Robert E. and Margaret E. Broome, of Tarrytown, and Edward L. 
Broome, of Hawthorne, N.Y. He wrote and published a book on 
“Historical Tarrytown.” 


EDWIN RUFUS BULLOCK (1851-1939) 


Edwin Rufus Bullock, of Pawtucket, R.I., died on May 19, 1939, 
after a brief illness, while visiting at the home of one of his daughters, 
Mrs. Sylvia (Charles) Ainsworth, in Moline, Ill. Other members of 
his family who survive him are his widow, Ann Adella (Tower) Bul- 
lock, whom he married in 1879; ason, Walter Bullock, of New York, 
N.Y.; and four daughters, Mrs. Grace (Charles I.) Gorham, Gary, 
Ind., Mrs. Ruth (Arthur J.) Boynton, Winnetka, IIl., Mrs. Mildred 
(Harry H.) Tattersall, Pawtucket, and Mrs. Mary (Harry M.) 
Smith, New Hartford, Conn. 

Mr. Bullock was born in the eastern part of Pawtucket (then in 
the State of Massachusetts) on August 17, 1851, the son of Rufus 
Bliss and Mary Elizabeth (Roberts) Bullock. When he was a year 
old his parents moved to Ohio, and he received his early education 
there, being graduated from the high school of Elyria. Later (in 
1887) he studied mechanical engineering at the Rhode Island School 
of Design. 

Returning to Rhode Island in 1870, he went to work for William 
R. Walker, architect, in Providence. As an employee of General 
Walker, Mr. Bullock was assigned to supervise the construction of 
the first brick building, in Pawtucket, of the Conant Thread Com- 
pany, and in 1875 he became a draftsman for the company, under 
Hezekiah Conant, its founder. The company manufactured special 
cotton thread for J. & P. Coats Ltd., of Scotland, and later became 
the American branch of that firm. Mr. Bullock was associated with 
it, as draftsman and mechanical engineer, for about thirty-three 
years, and was responsible for the greater part of the design, con- 
struction, equipment, and operation of the plant. As a hobby he 
worked on various inventions, among which was a cotton gin which 
drew wide acclaim. 

In 1917 Mr. Bullock went to Lorain, Ohio, where for about five 
years he was assistant to the chief engineer of the National Tube 
Company, a subsidiary of the U.S. Steel Corp. At the end of that 
period he retired and had since made his home in Pawtucket. He was 
the oldest member of the Pawtucket Congregational Church, having 
been a member sixty-five years, and had served it as a deacon for 
more than fifty years, and as treasurer for forty years. He had also 
served as a member of the Pawtucket school committee and was a 
member of the board of directors of the Weeden Home, Pawtucket. 
He joined the A.S.M.E. as a junior member in 1890 and was advanced 
to full membership in 1904. 


CHARLES ADAMS CAHILL (1861-1938) 


Charles Adams Cahill, head of the consulting firm of Charles A. 
Cahill & Sons, Milwaukee, Wis., died on October 5, 1938, at his home 
in that city, after an illness of eight months. 

Mr. Cahill was born on December 6, 1861, in Fitzwilliam, N.H., 
the son of Norman Underwood and Mary Abbie (Adams) Cahill. 
Following the completion of his high-school studies, he served an ap- 
prenticeship as a machinist at the Harris-Corliss Engine Works, 
Providence, R.I., from 1879 to 1883. He then worked a year as 
machinist for the American Watch Tool Company, of Waltham, Mass., 
and followed this by another year on a U.S. Government Survey in 
Dakota Territory, as transitman. He worked in 1886-1888 as ma- 
chinist and draftsman for J. F. Sisson & Co., Chamberlain, 8.D. In 
1888-1891, he was erecting superintendent for the Sioux City En- 
gine Works, Sioux City, Iowa, and during the following year served 
in the same capacity for Webster, Camp & Lane, Akron, Ohio. 

From 1892 to 1898, Mr. Cahill was superintendent of power and 
refrigeration for the Hanford Produce Company, Sioux City, which 
at that time operated the largest butter and egg cold-storage plant 
in the world. He was chief engineer of the Sioux City Traction Com- 
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pany 1898 to 1901. He next served, 1901-1910, as assistant chief 
engineer, and from 1910 to 1913 as chief engineer, of the Milwaukee 
Electric Railway & Light Co., Milwaukee. 

In 1913, Mr. Cahill began to practice as a private consulting en- 
gineer and carried on this work actively up to the time of his illness. 
In 1927 he formed a partnership with his sons in the firm, Charles 
A. Cahill & Sons. The company specialized in steam-power-plant 
design, construction, and operation. 

Mr. Cahill became a member of the A.S.M.E. in 1918. He was 
also a charter member, past-president, and honorary member of the 
Engineers’ Society of Milwaukee, and was active in the Milwaukee 
Local Section of the A.S.M.E., serving as chairman of its executive 
committee in 1920 and in 1929, and as a member of the committee 
for the periods 1921-1928, 1930-1931, and 1934-1936. He was a 
life member of the National Association of Stationary Engineers and 
its successor, the National Association of Power Engineers, a mem- 
ber of the American Interprofessional Institute of Milwaukee, and a 
Mason. During the first World War he served as administrative 
engineer for the Wisconsin federal fuel administration and was a 
member of the mayor’s advisory council in Milwaukee. 

In 1885 Mr. Cahill married Dorothy J. Hughes, of Chamberlain, 
S.D., and he is survived by her and their two sons, Ralph H. and 
Charles A., Jr., and six grandchildren, as well as by a sister, Mrs. 
W. J. Sanborn, of Mount Dora, Fla. 


E. GORDON CAMPBELL (1881-1938) 


E. Gordon Campbell, mechanical operating engineer, Power Sta- 
tions Department, Duquesne Light Company, died on June 23, 1938, 
of myocarditis, at his home in Pittsburgh, Pa. 

Mr Campbell was born in Charleston, 8.C., on September 21, 
1881, the son of Croskeys O. and Louisa Caroline (Phillips) Camp- 
bell. His early education was secured partly in public schools, 
partly through private tutoring. He was graduated from Clemson 
Agricultural College, Clemson, 8.C., in 1902, receiving the B.S. de- 
gree in mechanical and electrical engineering and he also took a 
three-year home-study course in refrigerating engineering. 

Shortly after his graduation from college, Mr. Campbell was em- 
ployed by the General Electric Company at Schenectady, N.Y., 
where he worked for three years in the Testing Department. In 
1905-1906 he worked as operating engineer for the Pan-American 
Corporation of the City of Panama, in charge of the plant which sup- 
plied the city with light, power, and ice, and in 1906-1907 he was 
superintendent of electrical construction for the Isthmian Canal 
Commission, Canal Zone. 

From 1907 through 1910 he was on the staff of the general mechani- 
cal superintendent of the Erie Railroad, and during the next two 
years was assistant electrical engineer for the American Laundry 
Machinery Company, Rochester, N.Y., working or designs and in- 
stallations. He was then employed by Barclay, Parsons & Klapp, 
of New York, N.Y., as resident engineer in charge of the construc- 
tion of a 2000-kva steam power plant at Olean, N.Y., and completing 
the installation of a 500-kva plant at Erie, Pa. 

From 1914 to 1918 Mr. Campbell was superintendent of construc- 
tion for the Public Service Electric Company, Newark, N.J. From 
August to December, 1918, he served as Captain of Engineers in the 
U.S. Army, Washington, D.C., and from then to 1921 he was em- 
ployed as mechanical engineer for the Sessions Engineering Company 
in the district office at Akron, Ohio. During the following two years 
he served for short periods with the New Method Refrigeration Com- 
pany, in charge of installations and assistant in plant design; the 
National Aniline & Chemical Co., New York, as assistant super- 
visor of steam, power, and refrigeration; and the Parklap Construc- 
tion Corporation, New York, as electrical engineer on the construc- 
tion of a water power plant. On January 2, 1923, he was engaged as 
assistant in design and in charge of plant extension in Cuba by the 
Foreign and Engineering Department of the Electric Bond & Share 
Co., of New York, and he continued in this position until December, 
1925. 

On May 20, 1926, Mr. Campbell joined the staff of the Duquesne 
Light Company, Pittsburgh, as senior engineer of the Engineering 
Design Department. About a year later he was appointed better- 
ment engineer of the Power Stations Department, and three years 
afterward he was promoted to mechanical operating engineer of 
that department, the position he was holding at the time of his death. 

Mr. Campbell became a member of the A.S.M.E. in 1918. He was 
also a member of the New York Southern Society, and a former mem- 
ber of the University Club of Akron, Ohio. He served as president 
of the Pittsburgh Chapter of the Clemson Alumni, 1936-1937. He 
designed a steam sampling nozzle and applied for a patent on it in 
1930. 

Mr. Campbell is survived by his widow, Orpha M. (Lower) Camp- 
bell, of Lancaster, Pa., whom he married in 1921. 


CHARLES IRVING CARPENTER (1888-1938) 


Charles Irving Carpenter, architect and engineer, Spokane, Wash., 
died in that city on December 25, 1938. He was born in Chicago, 
Ill., on June 28, 1888, the son of W. Irving and Anna (Stevens) 
Carpenter. He attended high school in Chicago and served an ap- 
prenticeship, 1901-1904, with the Chicago & Southern Traction Co. 
as shop mechanic. He operated a substation of the Chicago City 
Railway Company during the early part of 1905, then entered Lewis 
Institute, Chicago, where he took the arts and engineering courses 
and was graduated as a mechanical engineer in 1910. He worked 
his way through college, partly by taking care of church furnaces, 
partly as private secretary to Dr. E. H. Lewis, dean of English at 
the institute. In the summers, 1906-1910, he worked in Chicago as 
draftsman for George M. Brill, consulting engineer; assistant to the 
superintendent of the Manufacturing Department of Libby-McNeill 
& Libby; and advertising manager of the Union Special Machine 
Company. 

From 1910 to 1912 Mr. Carpenter acted as supervisor of mechanic 
arts, organizing the course and installing the equipment for it, in the 
public schools of Decatur, Ill. He then went to Spokane, where he 
was for a time instructor at the North Central High School and 
served as head of the Department of Manual Arts of the Spokane 
public schools. Latev he became superintendent of buildings and 
grounds for the Spokane schoo! district, where, among other things, 
he was in charge of the design and construction of heating, ven- 
tilating, plumbing, and sewerage systems for a number of school 
buildings. 

In August, 1918, Mr. Carpenter was appointed a second lieutenant 
in the U.S. Air Service (Production). He was assigned to the office 
of production, at New York, and sent out as inspector to plants 
manufacturing airplane equipment. He was honorably discharged 
in May, 1919, and returned to Spokane to become a member of the 
firm of Malmgren and Carpenter, architects and engineers. Mr. 
Malmgren died the following year, and Mr. Carpenter carried on the 
practice under his own name until his death. Many of the public 
buildings in the Inland Empire and elsewhere were designed and con- 
structed under the supervision of Mr. Carpenter. These included 
buildings at the normal schools at Cheney and Ellensburg, Wash.; 
high schools at Wrangell, Alaska, and at Moscow and a number of 
other places in Idaho; a courthouse at Orofino, Idaho; several Elks 
temples; fire and pumping stations in Spokane; and a central heat- 
ing plant for Washington State College, at Pullman. 

Mr. Carpenter joined the A.S.M.E. as a junior member in 1912 and 
was promoted to full membership in 1923. He was active in Society 
work, serving as chairman of the executive committee of the Inland- 
Empire Section in 1925, a member of the committee, 1926-1929, and 
secretary-treasurer from 1930 until his death. He was a member of 
the Nominating Committee of the Society in 1932. 

Mr. Carpenter was also a member of the Associated Engineers of 
Spekane and served as its president in 1923. He belonged to the 
Masonic fraternity and was a Shriner, as well as a member of the 
Elks and of the American Legion. _ 

Surviving him are his widow, Carrie H. (Hitchcock) Carpenter, 
whom he married in 1926, and also his mother and a sister, Miss 
Bernice Carpenter, of Cleveland, Ohio. 


DAVID BRADLEY CARSE (1862-1938) 


David Bradley Carse, retired consulting engineer, died on October 
30, 1938, in West Cornwall, Conn., of bronchial pneumonia. He 
had not been active in business for about fifteen years. 

Mr. Carse was born on December 1, 1862, in Jeffersonville, Ind., a 
son of Thomas Carse, a railroad executive in Louisville, Ky., and 
Matilda (Bradley) Carse, a noted temperance and social worker in 
Chicago, closely associated with Frances E. Willard. His early edu- 
cation consisted of eight years in Chicago common schools followed 
by college preparatory work in high school and at the Morgan Park 
Military Academy, Chicago. He then took a special course, 1880- 
1882, at the University of Illinois, studying chemistry, geology, ma- 
chine-shop practice, drafting, ete. 

Following the completion of his work at the university, Mr. Carse 
was draftsman for the Village of Hyde Park, Ill., and then succes- 
sively assistant superintendent of public works and resident engineer 
of the Water Works Department, in charge of building a tunnel un- 
der Lake Michigan for the city’s water supply. After this, he was 
engineer in charge of the construction of car works for the United 
States Rolling Stock Company (later known as the Western Steel 
Car Company) at Hegewisch, Ill. In 1885 he was made manager 
of the Steam Yacht and Engine Department of Thomas Kane & Co., 
Chicago and Racine, Wis. In 1887 he took the position of general 
manager of the firm of Greenles /cos. & Co., Chicago, with which he 
continued for about ten years, eugeeing in the manufacture of special 
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woodworking machinery for railroads, car works, etc. Other con- 
nections during this period were with the Illinois Pipe & Tile Co., 
Sterling, Ill., as president; Racine Cement & Pipe Co., as vice-presi- 
dent; Bangor (Mich.) Furnace Company, as secretary and treasurer; 
and Black Diamond Coal Mining Company, Denver, Colo., as presi- 
dent. He also served as division engineer of the Chicago, Burlington 
& Quincy R.R. in the construction of the Mississippi River Division 
at one time, and as secretary of the Bradley, Graves & Co. pig-iron 
merchants. 

In 1897, after a short time as manager of the Car Department of 
S$. A. Wood's Machine Co., Chicago, Mr. Carse became the president 
of Carse Bros. Co., Chicago, consulting engineers, and he continued 
in that office until 1908. In 1902-1903 he was a consultant on in- 
dustrial organizations and in that capacity was active in the inspec- 
tion and investigation of plants in the formation of the International 
Harvester Company. He went to New York in 1903 and for a num- 
ber of years served us a member of the advisory committee of the 
U.S. Steel Corporation, in which capacity he was connected with the 
examination of all works, plants, railroads, ships, and mines. In 
1907 he established the consulting firm of David B. Carse & Co., 
with offices in New York and Pittsburgh. He specialized in iron 
and steel properties and industrial organizations, but was also inter- 
ested in the development of farmlands and in water-power proj- 
ects. He served on a committee on farm interests in the State of 
New York and was connected with the improvement of some fifteen 
thousand acres of land in western New York. He was also a par- 
ticipant in the development of water-power properties in New Eng- 
land which were later merged to form the Connecticut Light & 
Power Co. 

During his active years in the East, as in the earlier part of his 
life, Mr. Carse held executive positions in a number of companies. 
These included the American Reduction Company, of Pittsburgh, of 
which he was at one time president. 

Mr. Carse was the inventor of several electrical and mechanical de- 
vices, and wrote articles and made addresses on various subjects. 
He became a member of the A.S.M.E. in 1889, was an honorary 
member of the Faraday Society of London, and a former member of 
the American Institute of Mining and Metallurgical Engineers and 
American Iron and Steel Institute. 

Mr. Carse's widow, the former Marguerite Birdelle Switzer, whom 
he married in Cleveland in 1899, died in February, 1941. Surviving 
them are four sons, David and Robert, of New York, Thomas, of 
Schenectady, and James, of Butler, Ohio; and two daughters, Eleanor 
and Matilda, of New York. Mr. Carse also left a brother, John 
Bradley Carse, of East Hampton, L.I., N.Y. 


CHARLES ELLSWORTH CHAMBERS (1865-1939) 


Charles Ellsworth Chambers, retired in 1933 as superintendent of 
motive power and equipment of the Central Railroad of New Jersey, 
after having served that road in different capacities since 1902, died 
of heart disease at his home in Roselle, N.J., on March 20, 1939, 
following several months of illness. A resident of Roselle since 1910, 
he was president of the First National Bank there and prominent in 
other local organizations. He had also been active in the various 
engineering societies to which he belonged. 

Mr. Chambers was born on October 18, 1865, at Augusta, Hancock 
County, Ill., a son of James Robinson and Mary Ellen (Sexton) 
Chambers. He attended the rural school at Liberty, Ill., and was 
graduated from the Augusta High School. He began railroad work 
in the bridge and building department of the Chicago, Burlington & 
Quincy R.R. at Beardstown, Cass County, Ill., on July 5, 1883, and 
worked in that department and as locomotive fireman and engineer 
until June 1, 1901, when he left to take employment with the Phila- 
delphia & Reading R.R. as road foreman of engines at Reading, Pa. 
He transferred to the associated line, the Central Railroad of New 
Jersey, a year later, becoming general road foreman of engines at 
Jersey City, N.J. He was appointed master mechanic in October, 
1902, general master mechanic in May, 1909, acting superintendent 
of motive power in September, 1909, and superintendent of motive 
power on January 1, 1910. 

On December 1, 1918, Mr. Chambers was appointed mechanical 
assistant to the director of the Allegheny Region of the U.S. Rail- 
road Administration, and served in that capacity until March 1, 
1920, when the railroads were returned to private ownership. He 
returned to the Central Railroad of New Jersey as superintendent of 
motive power and equipment, in which position he continued until 
his retirement on October 1, 1933. 

Mr. Chambers became a member of the A.S.M.E. in 1913. He 
was an active member of the Railroad Division, particularly during 
its formative years, serving as a member of its subcommittee on in- 
formation from 1920 through 1925, a member of the executive com- 


mittee of the Division, 1924-1926, and its chairman in 1925, and 
chairman in 1926 of the subcommittee on cooperation with the 
American Railway Association, Mechanical Division. 

He was prominent in both the American Railway Master Me- 
chanics’ Association and Master Car Builders’ Association, serving as 
president of the latter until 1918, when he was instrumental in the 
merging of the two associations into the Mechanical Division of the 
American Railway Association, of which he became the first chair- 
man and until his retirement was a member of the general committee 
of the Mechanical Division. As a member of these associations he 
served on committees on tank cars and railway postal cars, and for 
the years 1916-1934 was chairman of a committee on safety ap- 
pliances, in which capacity he was in charge of the power brake in- 
vestigation, beginning in 1923 and leading to the adoption in 1933 of 
the ‘‘A-B" brake as the standard of the American Railway Associa- 
tion for new freight equipment. The hearings on this subject were 
among many at which he represented the railroads. 

Mr. Chambers was also a member of the New York Railroad Club 
and served as its vice-president for five years and as president during 
1917-1918. At the time of his death he was a member of its execu- 
tive committee. He was a member of the Veteran Employes’ As- 
sociation of the Central Railroad and a charter member of its Fore- 
man's Club. He wasa Knight Templar and a Shriner. 

In Roselle Park, N.J., where Mr. Chambers resided from 1902 to 
1910, he served on the Board of Education from 1907 to 1910. In 
Roselle he had been a member of the Board of Trustees of the First 
Presbyterian Church and the Shade Tree Commission of the Borough. 
He was also a member for a number of years of the Board of Gover- 
nors of the Elizabeth General Hospital. 

Mr. Chambers was one of the organizers of the First National 
Bank of Roselle, which was chartered in 1906. He served as its 
first vice-president until 1924, when he was elected president, in 
which office he continued until his death. 

On May 17, 1888, Mr. Chambers married Lula M. Swart, who 
died on September 21, 1915. On December 13, 1919, he married 
Ella B. Buell, who also predeceased him, dying on March 17, 1930. 
On October 3, 1931, he married Edna R. Walton, of Roselle, who 
survives him, as do two daughters and a son by his first marriage. 
They are Mabel (Mrs. Howard G.) Musgrave, of Waban, Mass., 
Helen (Mrs. Henry H.) Albers, Roselle, and James A. Chambers, 
Westfield, N.J. Another daughter, Gladys (Mrs. James D.) Young, 
died in 1937. Two brothers, Frank M. Chambers, Beardstown, IIL., 
and Harry O. Chambers, Galesburg, IIl., are also living. 


HIRAM WILLIAM CLARK (1893-1939) 


Hiram William Clark, district representative in charge of sales, 
Denver, Colo., for the Iron Fireman Manufacturing Company, died 
on September 19, 1939. He was born in Springville, Utah, on March 
24, 1893, son of Edward Alonzo and Cescelia (Lane) Clark. He took 
his preparatory work in Brigham Young University, Provo, Utah, 
and then entered the University of Utah, from which he was gradu- 
ated in 1917 with the degree of B.S. in E.E. He later went back 
for graduate study and in 1926 was granted an M.E. degree. He also 
took the course in business administration as given by the Alexander 
Hamilton Institute. 

From June to October, 1916, Mr. Clark was employed by the Delta 
Land & Water Co., Delta, Utah, as assistant office engineer. During 
the first five months of 1917 he worked for the Utah Power & Light 
Co. of Salt Lake City as draftsman and from then until October of 
that year was engaged as hydrographer for the Delta Land & Water 
Co. at Milford, Utah. He next served for short periods with the 
Denver Gas & Electric Co., Denver, as junior engineer under instruc- 
tion; the Victor American Fuel Company, Pyrolite, Colo., as chief 
electrician; the Spring Canyon Coal Company, Storrs, Utah, as 
armature winder; and the U.S. Bureau of Mines, Salt Lake City, as 
research metallurgist. 

After a few months’ service as a private in the U.S. Army in 1918, 
he returned to the University of Utah for a short time as laboratory 
assistant, and then for about a year was employed as fuel engineer 
with the U.S. Bureau of Mines, investigating the smoke nuisance in 
Salt Lake City. Subsequently he spent several months in private 
consulting work in electrical and mechanical engineering in that city, 
following which he was appointed chief deputy smoke inspector by 
the Salt Lake City Corporation, which position he held from 1920 
to 1924. 

During 1924-1926 Mr. Clark was lecturer in mechanical engineer- 
ing at the University of Utah, serving at the same time as consulting 
engineer for the Smoke Department of Salt Lake City. In 1926 he 
was appointed chief smoke inspector for the city, and he continued 
in that office for two years. From then until 1930 he was employed 
as a salesman and division manager for the Forced Underfiring Cor- 
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poration, distributors of the Iron Fireman automatic coal burners, 
at Salt Lake City and Denver, and in 1930 he was appointed district 
representative for the Iron Fireman Manufacturing Company, at 
Denver, where he served up to the time of his death. 

Mr. Clark was elected a junior member of the A.S.M.E. in 1921 
and was advanced to the member grade in 1926. He married Marie 
McGregor, of Beaver, Utah, in 1920 and is survived by her and two 
daughters, Betty and Elaine. 


FREDERICK F. CLARKE (1872-1938) 


Frederick F. Clarke, chief draftsman for the Joy Manufacturing 
Company, Franklin, Pa., died at his home in that city on February 
8, 1938, following an illness of more than six weeks. 

Mr. Clarke was born in Franklin on December 3, 1872, the son of 
Ray Sands and Edith M. Clarke. He was educated in the Franklin 
public schools and at the Maryland Institute, Baltimore, Md. He 
began work as a draftsman and designer with the Colburn Machine 
Tool Company, in Franklin, and in 1905 became its chief engineer, 
designing and supervising the manufacture of its line of vertical bor- 
ing and turning mills and heavy-duty drill presses, and also hori- 
zontal boring mills, bank-note signature and trimming machines, 
and various other mechanisms in connection with the machine-tool 
industry. He took out a number of patents in these lines, the most 
of which were assigned to the company. 

When the company was acquired by the Consolidated Machine 
Tool Corporation in 1920 and the plant moved to Cleveland he went 
there as its chief engineer. Four years later the business was trans- 
ferred to another plant of the corporation, the Betts Machine Works, 
in Rochester, N.Y., and Mr. Clarke was located there until 1929, 
when he returned to Franklin and associated himself with the Joy 
Manufacturing Company. 

Mr. Clarke became a member of the A.S.M.E. in 1919. He was 
also a member of the Masonic order and of the Elks, and was an 
amateur musician of considerable ability. 

Mr. Clarke is survived by his sister, Mary H. Clarke, with whom 
he made his home, and a nephew, Richard G. Clarke. 


HOWARD EARLE COFFIN (1873-1937) 


Howard Earle Coffin, who had been a leader in the automotive, 
aeronautic, and textile industries, was found dead in his bedroom at 
the Sea Island, Ga., home of his nephew, Alfred W. Jones, on the 
morning of November 21, 1937. His death had been caused, ap- 
parently, by the accidental discharge of his hunting rifle while he was 
cleaning it. A developer of Georgia coastal island resorts, he had 
planned to attend the hunt which was to open the season at the Cabin 
Bluff hunting preserve of the Sea Island Company. 

Mr. Coffin was born on a farm in Miami County, Ohio, near the 
town of West Milton, on September 6, 1873, the son of Julius Vestal 
and Sarah E. (Jones) Coffin. He was descended from Tristram 
Coffin, the founder of the Coffin family in America and one of the 
first settlers of Nantucket Island, Mass. He attended public schools 
in West Milton and a boarding school near Knoxville, Tenn., and 
was graduated from high school in Ann Arbor, Mich., in 1889. He 
entered the engineering college of the University of Michigan in 1893, 
but in 1895 found it necessary to withdraw and go to work. For 
five years he had a position as letter carrier and postal clerk. He 
returned to college in 1900 and continued his studies for two years. 
He later (1911) received the degree of B.S. in mechanical engineer- 
ing, as of the Class of 1903, and in 1917 the university conferred upon 
him the honorary degree of Doctor of Engineering. An honorary 
LL.D. degree was given him in 1929 by Mercer University, Macon, 
Ga., and an honorary Sc.D. in 1931 by the Georgia School of Tech- 
nology, through the University of Georgia. 

In 1897, while in the postal employ, Mr. Coffin, in his spare time, 
built a one-cylinder, two-cycle engine in the shops of the University 
of Michigan, and the following year he constructed one of the first 
steam-driven automobiles, which he drove for three years. In July, 
1902, the Olds Motor Works, Detroit, Mich., called him to its engi- 
neering staff, and when the Experimental Department of that com- 
pany was formed a few months later he was put in charge of it. He 
was made chief engineer of the Olds Motor Works in 1905. The 
following spring he resigned to participate in the organization of the 
E. R. Thomas-Detroit Co., of which he became vice-president and 
chief engineer. He was also consulting engineer for the E. R. Thomas 
Motor Co., Buffalo, N.Y. The former company became the Chal- 
mers Detroit Company in 1907, and he continued to serve it as vice- 
president and chief engineer for about two years. In 1909 Mr. 
Coffin and associates formed the Hudson Motor Car Company, of 
which he was vice-president and consulting engineer until 1928, and 
a director until 1931. 

In 1915, early in the World War, leading engineering and scientific 
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societies were invited by the Government to nominate members of a 
Naval Consulting Board. The Society of Automobile Engineers, of 
which he had been president in 1910, suggested Mr. Coffin as one of 
its representatives. He was made a member of several of the Board’s 
committees and chairman of the Committee on Industrial Prepared- 
ness. Under his leadership this committee organized a nation-wide 
group of engineers who in a short time completed an inventory of the 
industrial resources of the country which might be drafted in case of 
war. 

Another outstanding body to which Mr. Coffin was appointed, in 
1916, was the Advisory Commission of the Council of National De- 
fense. As chairman of its Committee on Munitions, Manufacturing, 
and Industrial Relations, he extended the work inaugurated under 
the Naval Consulting Board. 

When the Aircraft Production Board was formed in 1917 Mr. 
Coffin was made its chairman. He recognized the need for a large 
number of army airplanes and is credited with converting the War 
Department to his point of view and in obtaining a Congressional 
appropriation of $645,000,000, in 1917, for manufacturing purposes. 
He also believed that the planes should be equipped with motors of 
standard design and he played a strong part in the development of 
the Liberty motor. 

After the War, in 1919, he served as a member of the American 
Aviation Commission (to allied countries) and in 1925-1926 he was a 
member of the ‘‘Morrow Board” or ‘‘President’s Aircraft Board,” 
by appointment of President Coolidge. 

As a civilian, after the War, Mr. Coffin carried his interest in avia- 
tion into the commercial field, as one of the founders, and first presi- 
dent, of National Air Transport, Inc., in 1925. He became chair- 
man of the board of directors of this pioneer air transport system 
when he retired from active business in 1928 and retained his connec- 
tion with it until 1930. 

It was following his retirement in 1928 that Mr. Coffin became in- 
terested in the development of islands off the coast of Georgia. On 
Sapelo Island, near Sea Island, he built a modern Spanish home where 
for some years he entertained many persons of note. He maintained 
another residence at Grosse Point Shores, Mich., but devoted the 
most of his time to his extensive holdings on the Georgia coast. He 
came in contact with many men engaged in the textile industry in the 
South and in 1932 he re-entered the business world in this field, buy- 
ing into the Hunter Manufacture & Commission Co., a large textile 
selling organization. He assisted in the liquidation of this company 
and the formation of Southeastern Cottons, Inc., of which he was 
still serving as chairman of the board of directors at the time of his 
death. He sold his Sapelo Island home a short time before he died. 

Mr. Coffin became a member of the Society of Automobile Engi- 
neers in 1907, and in addition to serving as its president in 1910, had 
been prominent in its standardization work. It was at his sugges- 
tion, also, that the society enlarged its scope to include aeronautical 
engineers and changed its name to the Society of Automotive En- 
gineers. 

Mr. Coffin was a member of the Patents Committee of the National 
Automobile Chamber of Commerce, which developed the cross- 
licensing agreement, and was active also in the mechanical branch 
of the Association of Licensed Automobile Manufacturers until that 
organization was discontinued. His leadership in the standardiza- 
tion of motorcar construction, the simplification of methods, the 
compilation of engineering data, and the furtherance of cooperation 
between manufacturers did much to make possible the low-priced 
automobile. 

Mr. Coffin’s membership in the A.S.M.E. also dated from 1907. 
Other engineering associations end clubs to which he belonged in- 
cluded the National Aeronautic Association, which he helped to or- 
ganize and of which he was the first president, in 1922-1923; the 
Aero Club of America; the Detroit Engineering Society; and the 
Engineers’ Club, New York. He was also a member of a number of 
recreational and social clubs. He maintained offices in New York, 
and since May, 1936, had been a director of the Merchants Associa- 
tion of New York. 

Mr. Coffin was twice married. His first wife, whom he married in 
1907, was Miss Matilda V. Allen, daughter of Mr. and Mrs. Edwin 
E. Allen of Battle Creek, Mich., and a member of the Class of 1903 
at the University of Michigan. She died in 1932 at their Sapelo Is- 
land home. In June, 1937, he married Mis: Gladys Baker, of New 
York, daughter of Mr. and Mrs. A. Herbert Baker of Jacksonville, 
Fla., and a former European special correspondent for the North 
American Newspaper Alliance, who survives him. 


JOHN SAYLER COON (1854-1938) 


John Sayler Coon, retired, for 37 years head of the Mechanical 
Engineering Department of the Georgia School of Technology, died 
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on May 16, 1938, in the Brigham Hall Hospital at Canandaigua, N.Y. 
Dr. Coon was born at Burdett, N.Y., on November 22, 1854, the son 
of William C. and Susan (Sayler) Coon. He attended the Burdett 
public schools and Claverack (N.Y.) Academy, and received his en- 
gineering education in Cornell University, from which he was gradu- 
ated in mechanical engineering in 1877. Some years later, he was 
granted the honorary Se.D. by the University of Georgia. He 
was a member of the Sigma Xi and Phi Kappa Phi fraternities. 

After his graduation, he remained at Cornell for another year as 
instructor; then, from 1878 to 1886, he was employed in the office of 
E. D. Leavitt, Cambridgeport, Mass., consulting and mechanical 
engineer of the Calumet & Hecla Mining Co., part of the time in 
charge of the office and, later, on the testing and inspecting of heavy 
mining and pumping machinery. He contributed two papers on trials 
of pumping engines and upright boilers to the A.S.M.E. Transac- 
tions (1882 and 1888). 

In 1888, after some experience at the mines and stamp mills of the 
Anaconda Copper Company in Montana, Dr. Coon became professor 
of mechanical engineering in the University of Tennessee, at Knox- 
ville; a year later he was appointed professor of mechanical engineer- 
ing at the Georgia School of Technology, Atlanta, Ga., where he 
served with great distinction until his retirement in 1922. 

Dr. Coon was the last survivor of the Founder Members of the 
A.S.M.E., and also of the original faculty members of the Georgia 
School of Technology. In addition to his long years of service as 
teacher, professor, and department head, he did considerable con- 
sulting practice. His service at “Georgia Tech’’ began when it was 
first organized, and he never wavered in his loyalty and devotion. 
Among many who have paid tribute to his memory, one of his earlier 
graduates, J. B. McCrary, of the Class of 1891, president of J. B. 
McCrary Engineering Corp., Atlanta, Ga., said, in part: 

“The present physical condition of Georgia Tech and especially 
its high standing as an engineering school can be traced directly to 
Dr. Coon’s efforts in the earlier years, and the engineering school 
today is considered a monument to Dr. Coon. 

“When Dr. Coon, years ago at the beginning of Georgia Tech, 
became a pioneer engineering educator of the youths of Georgia, he 
began an education new to the South and one that has since become 
a tremendous asset to the industrial development of this state, as well 
as the entire country. 

‘He was very rigid and exacting as a professor, but his practical 
experience and forcefulness of character made a strong impression on 
the young men who later went out into the engineering world.” 

Professor J. H. Lucas, associate professor of highway engineering 
at Georgia Tech and a former student under Dr. Coon, thought Dr. 
Coon's greatest attribute was his ability to inject something more 
than mere textbook knowledge into his students. Affectionately 
known by hundreds of students as ‘‘Unele Si,’’ the esteem in which 
he was held by them is evidenced by the contribution by a group of 
them of a portrait of Dr. Coon, which now hangs in the dining hall of 
Georgia Tech. 

In 1930, Dr. Coon was presented with a special medal signifying 
that he was a Founder Member of the A.S.M.E., and later a medal 
indicating his 50 years of membership. He was the first chairman 
of the Atlanta Section, organized in 1913. 

Dr. Coon's wife Alice Spencer Coon, whom he married in 1887, 
died in 1933. 


JAMES SPROULL COTHRAN (1869-1938) 


James Sproull Cothran, sales engineer, of Charlotte, N.C., died 
on July 3, 1938. Mr. Cothran was born on July 26, 1869, in Abbe- 
ville, S.C., the son of James Sproull and Emma (Perrin) Cothran. 
He attended the public schools of Abbeville, and then entered the 
University of South Carolina, where he was graduated with a B.S. 
degree in 1890. Three years later he obtained his M.E. degree at 
Cornell University. 

Following the completion of his college work he sperit a year each 
with the Chester & Lenoir R.R., Chester, 8.C., and the American 
Spinning Company, Greenville, 8.C., as master mechanic. From 
1895 to 1897 he worked in the cotton mill of the Piedmont Manu- 
facturing Company, Piedmont, 8.C., and during the next five years 
was employed as a designer of textile mills and power plants, and 
selling textile machinery, in Charlotte. In 1902 he became southern 
representative for the American Moistening Company, of Boston, 
Mass., designing and selling air-moistening equipment. In 1910- 
1911 he served as president and general manager of the Carolina Ice 
Machine Company, Charlotte, designing and selling small ice ma- 
chines, and then he opened his own office as sales engineer in that 
city, and was so engaged up to the time of his death, representing a 
number of companies. 

Mr. Cothran became a member of the A.S.M.E. in 1920, and with 
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the exception of the years 1934-1936 continued his membership until 
his death. He was also a member and past-president of the Southern 
Manufacturers Club and Charlotte Engineers Club, and a charter 
member and past vice-president of the Charlotte Country Club. He 
served the A.S.M.E. as chairman and secretary of the Charlotte 
Branch of the Carolinas Section in 1924, and as vice-chairman in 
1925-1927, and was a member of the executive committee of the 
Charlotte Section in 1928-1929. 

In 1906 Mr. Cothran married Sally Jenkins McAden, of Charlotte. 
He is survived by her and their two daughters, Sally MceAden (Mrs. 
Charles E.) Lambeth and Emma Perrin (Mrs. T. E.) MeMahan, and 
five grandchildren. 


GEORGE WAVERLEY CRAVENS (1872-1938) 


George Waverley Cravens, consulting engineer, Westfield, N.J., 
in poor health since being injured by an automobile early in 1937 
and further weakened by pleurisy brought on by exposure during 
the New England hurricane, died on September 27, 1938, while 
stopping in the Berkshires. He was born on June 1, 1872, in Kansas 
City, Mo., the son of Junius Edgar and Emily (Stewart) Cravens. 

Mr. Cravens attended public school in Indianapolis, Ind., and the 
Ohio Military Institute and Belmont College, College Hill, Ohio, 
and took two years of special work at Purdue University. He had 
studied architecture, but his mechanical ability and interest in ma- 
chinery soon changed the direction of his career, necessitating exten- 
sion courses which he took through the Alexander Hamilton Institute 
and International Correspondence Schools. . 

Mr. Cravens began working in his home town with W. Scott 
Moore, architect, and the Nordyke & Marmon Co., makers of 
safety bicycles. He designed the popular model ‘Waverley,’ 
named foe him. In 1893 he went with the General Electrie Com- 
pany, Schenectady, N.Y., and after three years in general mechanical 
drafting was made head designer on mining machinery, electric loco- 
motives, and control apparatus; during this period he designed the 
first electric locomotive made by the General Electric Company. 
In 1907 he went to the Goodman Manufacturing Company, Chicago, 
to take charge of the design and manufacture of a new line of mining 
machinery and electric locomotives, and thus began his consulting 
work. Later he became identified with the C. & C. Electric & Manu- 
facturing Co., Garwood, N.J., the Elkhart Carriage & Motor Car 
Co., Elkhart, Ind., the Climax Engineering Company, Clinton, Iowa, 
and Ford, Bacon & Davis, New York, N.Y. In 1936 he was in 
charge of public-utility building-evaluation work for the Tax Depart- 
ment of the City of New York. 

During the World War he served in the Motor Transport Corps, 
U.S. Army, Washington, D.C., in charge of salvage and mainte- 
nance. He was commissioned a major. 

He was a contributor to several technical journals and from 1909 
to 1912, while in Chicago, was associate editor of the Railway Elec- 
trical Engineer. He published a book on Are Welding which was 
used as a textbook by the Sheldon School, Chicago. 

Mr. Cravens became a member of the A.S.M.E. in 1918, and was a 
founder member of the Aero Club of America. For many years he 
was an active member of the American Institute of Electrical En- 
gineers, Society of Automotive Engineers, and the American Iron 
and Steel Institute. He was a 32nd degree Mason. He is survived 
by his widow, the former Lena M. Brown, of Albany, N.Y., whom 
he married in 1900, and by two sons, William Stewart and Benjamin 
Brown Cravens. 


HERBERT WILLIAM CROZIER (1875-1939) 


Herbert William Crozier, consulting engineer, died on April 14, 
1939, at Covina, Calif., following an operation. He was born on 
July 28, 1875, at San Francisco, Calif., son of William J. and Eliza- 
beth (Mackeon) Crozier. He attended the Cogswell Polytechnic 
Engineering School, San Francisco, in 1891-1892, and the Me- 
chanics Schools, also of San Francisco, during the next three years. 
During the period 1891-1895 he also served an apprenticeship as a 
machinist at the Phoenix Iron Works, San Francisco. 

With this preliminary training, Mr. Crozier entered the College 
of Mechanics at the University of California, from which he received 
a B.S. degree in December, 1899. He was employed as a machinist 
by the Southern Pacific Company, West Oakland, Calif., during 
college vacations, 1896-1898, and in the summer of 1899 did miscel- 
laneous work as a machinist. 

During the next two years Mr. Crozier worked as an operator on 
construction work for the Mt. Whitney Power Company, Visalia, 
Calif.; several mines in Tuolumne County, Calif.; the Independent 
Electric Light & Power Co., San Francisco; and the Cananea Con- 
solidated Copper Company, Cananea, Mex.; and for a short time 
was electrical engineer for the City and County of San Francisco. 
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In 1901 he took a position as mechanical and electrical engineer 
on the staff of R. S. Masson, Los Angeles, with whom he continued 
until 1907. He served as assistant engineer on tests and investiga- 
tions for the Pacific Electric Railway Company and in connection 
with the construction of a 10,000-hp hydroelectric plant for the Kern 
River Company; and was electrical and mechanical engineer in 
charge of the construction of the Vallejo, Benicia & Napa Valley 
R.R., the first successful alternating-current interurban railway in 
the West, and of the first 1200-volt direct-current electric railroad 
in the United States, built for the Central California Traction 
Company. 

After a short period on construction work for the Oregon Electric 
Railroad, in 1907, Mr. Crozier joined the staff of Sanderson & Porter, 
consulting engineers, of New York, N.Y., as general mechanical and 
electrical engineer, with office in San Francisco. He was associated 
with this company for twenty years, directing the construction of 
many large projects, making appraisals and estimates, and partici- 
pating in other important work for the company. 

Since 1928 Mr. Crozier had carried on an independent consulting 
practice in San Francisco and later in Las Vegas, Nevada. At the 
time of his death he was consulting engineer to the U.S. Bureau of 
Mines, at Boulder City, Nev. He served the State of Nevada from 
1923-1926 as consulting engineer and acted in that capacity for the 
Nevada-Colorado River Commission in 1927-1928. He supervised 
the design and construction of the power line from Boulder Dam to 
the Pioche mining region of Nevada in 1936-1937. 

Mr. Crozier had been called as expert witness in various cases be- 
fore the California Railroad Commission; in 1929 he represented the 
Monterey Breakwater Commission before the Board of Engineers 
for Rivers and Harbors, in Washington, D.C.; the following year he 
appeared before the House Naval Affairs Committee in connection 
with the West Coast Naval Airship Base at Sunnyvale, Cf&ilif.; and 
in 1931 he testified before the United States District Engineers Office 
on the Redwood Harbor project. 

Mr. Crozier had been a member of the A.S.M.E. since 1914. He 
was also a member of the American Institute of Electrical Engineers 
and served as chairman of its section in San Francisco in 1912-1913. 
He was a member of the Board of Trustees of the Mechanics Institute 
of San Francisco, and of the San Francisco Electrical Development 
League, Las Vegas Chamber of Commerce, and the Engineers Club, 
San Francisco. 

Mr. Crozier is survived by his second wife, Mary E. (Sevison) 
Crozier, whom he married in 1925, and by a daughter, Elizabeth 
(Mrs. Milton G.) Mauer and a son, Hallett Crozier, children by his 
first marriage, to Elizabeth Hyde, in 1904. 


ELIJAH DALLETT (1855-1939) 


Elijah Dallett, who before his retirement in 1921 was associated 
many years with the Midvale Steel Company, Nicetown, Philadel- 
phia, Pa., died on December 1, 1939, at his home in that city. 

Mr. Dallett was born in Philadelphia on June 5, 1855, the son of 
Gillies and Josephine duC. Dallett. He was educated in the Penn 
Square Academy, Philadelphia, and the West Chester Academy, of 
West Chester, Pa. He served an apprenticeship as a machinist, 
1871-1875, with Evans, Griffith & Thomas, West Chester. Later 
he took private lessons in drafting from William E. Kern, of Phila- 
delphia, and was under instruction in the machine shop of the Bush 
Hill Iron Works, Philadelphia, in 1875 and 1876. 

From May, 1887, to December of the following year he was em- 
ployed in Atlanta, Ga., by E. Van Winkle & Co., as a machinist, en- 
gaged in the building of cottonseed-oil machinery. He then returned 
to Philadelphia, where he was employed for about a year and a half 
by the Allison Manufacturing Company as draftsman on plans for 
railroad cars. 

Mr. Dallett began work for the Midvale Steel Company in June, 
1890, in the drafting room, working on designs of tools, furnaces, 
and steel works appliances. He was appointed assistant machine- 
shop foreman in 1893, later promoted to assistant superintendent of 
machine shops, and remained with the company in various positions 
up to the time of his retirement in 1921. In 1900 he was sent to the 
Krupp works in Germany to study methods of heat-treating armor 
plate, as a result of which the Midvale company was able to lower the 
cost of such plates by nearly half. 

Mr. Dallett became a member of the A.S.M.E. in 1900. He 
married Elizabeth S. Niemann, of Philadelphia, in 1887. Her 
death occurred in 1902. They had three sons, Anthony, Alexander, 
and Philip Dallett. 


FRANCIS WINTHROP DEAN (1852-1940) 


Francis Winthrop Dean, consulting engineer, died at his home in 
Lexington, Mass., on May 25, 1940. 


TRANSACTIONS OF THE A.S.M.E. 


He was born in Taunton, Mass., on May 24, 1852, the son of 
Samuel Augustus and Charity Williams (Washburn) Dean, and 
grandson of Robert and Sarah 8S. L. (Padelford) Dean, and Cromwell 
and Elizabeth (Storm) Washburn. For more than two centuries, or 
since 1637 when Walter Dean emigrated from Taunton, England, to 
America and settled in Taunton, Mass., that town had been the home 
of the Dean family. P 

Subsequent to his graduation from the Taunton High School, 
Francis W. Dean entered the Lawrence Scientific School of Harvard 
University, and in 1875 received therefrom the degree of Bachelor 
of Science, magna cum laude. In 1874 he became instructor and in 
1875 tutor in engineering in the Lawrence Scientific School, and was 
thus engaged until 1882. 

In 1882 Mr. Dean entered the employ of Erasmus Darwin Leavitt, 
the eminent mechanical engineer, with whom he was associated until 
the fall of 1889, serving as special assistant, inspector, and chief 
draftsman. (Incidentally, Mr. Leavitt was the second president of 
the A.S.M.E. in 1883, and was elected Honorary Member in 1915.) 

During the period of service with Mr. Leavitt, Mr. Dean was en- 
gaged in the design and supervision of construction of pumping, 
hoisting, and engines for other industrial purposes, and boilers which 
were perfectly designed and constructed and of high efficiency in 
operation. This experience was such that afterward his first object 
in his designs was quality. He rather frowned on commercialism. 
He was a man of high character and strong convictions; the latter 
were sometimes to his disadvantage. 

In 1889 Mr. Dean opened an office in Boston as mechanical en- 
gineer, and in 1893 Charles T. Main joined him, forming the firm of 
Dean and Main, Mill Engineers and Architects. On January 1, 
1907, this firm was dissolved, after which time Mr. Dean followed the 
same business. 

Dean's chief interest was in steam-power problems in stationary 
and locomotive practice. He was particularly interested in internally 
fired boilers, both of the locomotive and vertical type, and designed 
and had built many of each type. Some of the Dean vertical boilers 
were of large capacity and high pressure for the period in which they 
were built and were very economical in operation. 

He also was much interested in the use of vertical engines which he 
thought showed a net saving of 5 per cent by reduced friction com- 
pared with horizontal engines. 

Some men have a hobby distinct from their profession. Dean had 
a hobby connected with his profession: the locomotive. The first 
production from this hobby was a compound locomotive built at the 
South Boston shops of the Old Colony Railroad in 1891. Tests 
showed improved economy of operation. It was operated for about 
a year and was changed back to a simple engine by the New Haven 
road. 

He designed and patented, April 3, 1934, his ‘‘Dean Uniflow Loco- 
motive,”’ but did not live to see its adoption. 

His chief recreation was in the Boston Symphony concerts which 
he attended regularly for the last fifteen years of his life and prior to 
1925 he was a regular attendant at the Cambridge series. 

Another source of recreation was in travel. In his earlier days, 
combined sometimes with business, he made several visits to Europe 
and South America. In his latter days, he made several winter trips 
to the West Indies and Bermuda. 

Dean was an early member of the A.S.M.E., joining in 1883. For 
many years he was keenly interested in the affairs of the Society. He 
was vice-president, 1895-1897, and was elected a Fellow in 1938. 
He served on the Nominating Committee of 1909 and for twenty- 
five years devoted himself to the Boiler Code work. Between 1895 
and 1921 he contributed about twenty papers to the meetings and 
publications of the Society. 

Mr. Dean’s official connection with the Boiler Code Committee 
began on February 13, 1915, when the so-called Advisory Committee 
was merged with the original Boiler Code Committee of seven mem- 
bers to form the large representative group that has since been known 
as the A.S.M.E. Boiler Code Committee. He took an active interest 
in the work of formulating and developing the preliminary editions 
of the Code that were circulated in the period between 1911 and 1915, 
when there was some question as to whether a code should be issued 
by the Society or not. Mr. Dean took a very constructive view of 
the project and devoted a considerable amount of his time to arguing 
for high-grade standards of construction and the need of broadening 
the rules to meet the growing needs of the industry. 

Late in 1914 the fourth preliminary edition of the Code was re- 
vised and the final task of editing the first edition of the Code called for 
intensive work of the small group composing the original committee. 
Accordingly, an Advisory Committee of 18 members was appointed 
to assist the Boiler Code Committee and Mr. Dean was numbered in 
this group as a representative of the consulting engineers. He de- 
voted a large amount of his time in the four weeks’ period between 
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December 15, 1914, when the editing was begun, and February 13, 
1915, when the task was completed and the final signed copy was sub- 
mitted to the A.S.M.E. Council for approval. As a part of the ac- 
tion of approval the Council took official action to add the members 
of the Advisory Committee to membership on the main Boiler Code 
Committee. 

Mr. Dean served actively on the committee until his retirement in 
1932, when he tendered his resignation from membership on the com- 
mittee. His resignation was not accepted but he was relieved from 
active membership duty and accorded the honor of appointment as 
honorary member of the Boiler Code Committee, an honor which was 
continued until his death. 

He was a member of the New England Railroad Club and was its 
president, 1903-1904; formerly a member of the Boston Society of 
Civil Engineers and its vice-president, 1907-1909; member of the 
Engineering Societies of New England, New England Water Works 
Association, Visiting Committee of the Harvard Engineering School, 
Harvard Engineering Society, Harvard and Harvard Union Clubs 
(Cambridge), and Exchange and University Clubs (Boston). 

He served on a number of committees and boards of the Town of 
Lexington, Mass., including seven years on the Water and Sewer 
Board. 

During the World War he was connected with the Emergency 
Fleet Corporation, 1918-1920, engaged largely in power problems. 

His wife, the former Miss Lydia Clarkson Hale Cushing, whom he 
married in 1893, died in 1926, and his two sons, Samuel W. and 
Francis H. Dean died in 1931. He left four grandchildren, Frances 
E. and Helen Dean of Lexington, Mass., and Francis H. and Dorothy 
Dean of Marblehead, Mass.—_[Memorial prepared by CHarves T. 
Matn, Boston, Mass., Past-President and Honorary Member, 
A.S.M.E.] 


BURT J. DENMAN (1876-1938) 


Burt J. Denman, vice-president and general manager of the 
United Light & Power Co. and president of the United Light & 
Power Engineering & Construction Co., Chicago, Ill., died on June 
25, 1938. He was born on April 30, 1876, at Toledo, Ohio, the son 
of Charles A. and Belle (Conklin) Denman. He prepared for col- 
ege at the Toledo High School and then entered the University of 
Michigan, where he obtained a B.S. degree in electrical engineering 
in 1899 and an E.E. degree in 1907. 

Prior to entering college Mr. Denman had practical experience as 
oiler, dynamo operator, and helper in the car shops of the Toledo 
Consolidated Street Railway and during his college vacations, 1896 
1899, he worked for the Toledo & Maumee Valley Railway Co. as 
armature winder and machinist. He continued to serve that road 
as chief electrician for about two years after his graduation, employed 
for the most part on the maintenance of rolling stock. He was also 
an instructor in Toledo University during this period. 

Mr. Denman was electrical engineer for the Toledo, Bowling Green 
& Southern Traction Co. from 1902 to 1904, responsible for the opera- 
tion, maintenance, and construction of rolling stock, power plants, 
and transmission system. He then entered the employ of The De- 
troit Edison Company, for which he was successively commercial 
engineer, assistant chief engineer, and chief engineer in charge of 
construction and operation. In the early part of 1908 he handled 
classes in mechanical engineering at the University of Michigan 
three times a week, in the absence of the department head, with the 
title of acting assistant professor. From 1909 to 1913 he served as 
nonresident lecturer in electrical engineering. 

In addition to his position with the United Light & Power Co., which 
he had held since 1913, and his presidency of its associated organiza- 
tion, the United Light & Power Engineering & Construction Co., Mr. 
Denman was also vice-president and general manager of the United 
Light & Railways Co., Davenport, Iowa, and an offieer in several 
other public-utility companies, including the American Light & 
Traction Co. and the Northern Natural Gas Company. 

Mr. Denman had been a member of the A.S.M.E. since 1913. He 
was also a member of the American Institute of Electrical Engineers 
and of the Detroit Engineering Society, which he served as president 
in 1912. He was a member of the First Presbyterian Church of 
Evanston, a 32nd degree Mason and a Shriner, and belonged to a 
number of clubs. He was a trustee of Northwestern University and 
trustee and vice-chairman of the Garrett Biblical Institute. 

He was twice married. His first wife, Fannie Louise Patrick, of 
Toledo, whom he married in 1900, died in 1926, leaving three chil- 
dren, Bernice, Dorothy Dee, and Lawrence. He is survived by his 
second wife, Louise Winchell Dayton, of Minneapolis, Minn., and 
Wilmette, Ill., whom he married in 1928 
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EDWARD HENRY DEWSON (1865-1939) 


Edward Henry Dewson was born in Quincy, Mass., on July 16, 
1865, son of Edward Henry and Elizabeth Weld (Williams) Dewson. 
He attended the English High School of Boston and the Massachu- 
setts Institute of Technology, from which he was graduated with an 
S.B. degree in mechanical engineering in 1885. 

In August of that year he became a special apprentice in the 
locomotive repair shops of the Old Colony Railroad, South Boston, 
where he remained until March, 1887. From then until the following 
July, he was engaged as draftsman by the Hinkley Locomotive Works, 
Boston, after which he went back to the Old Colony Railroad to work 
as locomotive fireman for a few months. During the period from 
October, 1887, to July, 1888, he was traveling engineer for the Eames 
Vacuum Brake Company, Watertown, N.Y., superintending the 
equipping of locomotives with their brakes. From this position he 
entered the employ of the St. Joseph & Grand Island R.R., St. Joseph, 
Mo., which appointed him master mechanic on November 1, 1888. 
He was next engaged, from October, 1889, to June, 1891, as district 
foreman of the Kansas Pacific Division of the Union Pacific Railway, 
at Ellis, Kan. From July, 1891, to September, 1893, he was em- 
ployed by the Railway Engineering Department of the Thomson- 
Houston and General Electric companies at Lynn, Mass., as engineer 
in charge of the construction of heavy electric locomotives and on the 
design and construction of controllers of cars for the Intramural 
Railway at the Columbian Exposition at Chieago. From September, 
1893, to May, 1896, he was mechanical engineer for the Bear Electric 
Company, Boston, and next, until April, 1897, he served as mechani- 
cal engineer for Pratt & Letchworth Co., Buffalo, N.Y. 

With some experience in connection with air brakes already to his 
credit, Mr. Dewson took the position of chief engineer for the Stand- 
ard Air Brake Company, New York, N.Y., in April, 1897. During 
four years with the company he spent considerable time in Central 
Europe in connection with commercial work on brakes for electric 
railways. In 1901, when the company was acquired by Mr. Westing- 
house and transferred to Wilmerding, Pa., under the name of the 
Standard Traction Brake Company, Mr. Dewson was retained as 
chief engineer. In 1904 the engineering departments of the several 
Westinghouse companies at Wilmerding were consolidated, the 
Standard Traction Brake Company being renamed the Westinghouse 
Traction Brake Company. Mr. Dewson became assistant chief 
engineer of the united organization. When the district organizations 
of the Westinghouse Air Brake Company were created in 1905, he 
was named resident engineer for the Eastern district, with head- 
quarters at New York. He continued in this position until he re- 
tired from active service at the close of 1921, following which he 
acted in an advisory capacity for the company. During his associa- 
tion with the company he was closely identified with many important 
improvements in the air-brake field and was especially well known 
for his intimate knowledge of operating problems and traffic condi- 
tions in the City of New York. He had taken out a number of patents 
in the field of brakes for electrically propelled vehicles, all of which 
were assigned to the company. 

Following his retirement Mr. Dewson resided part of the time in 
his native Quincey, and part at Boothbay Harbor, Maine, his legal 
residence, and in Haines City, Fla. In February, 1929, he was elected 
a director of the Holly Hill Fruit Products, Inc., of Davenport, Fla. 
two years later a member of its operating committee; in February, 
1933, chairman of its executive committee; and in February, 1937, 
president of the corporation. At the time of his death, which oc- 
curred on February 9, 1939, as the result of an automobile accident in 
Tampa, he was serving as president, director, and chairman of the 
executive committee. His wife, the former Maude Field, of Quiney, 
whom he married in 1889, was also injured in the accident, and died on 
February 10. They are survived by two daughters, Marjorie (Mrs. 
Maleolm) MeFaull, of Jackson Heights, L.I., N.Y., and Mary 
Elizabeth Dewson, of New York; one grandchild, Malcolm MecFaull. 
Jr., a member of the Class of 1944 at the Massachusetts Institute of 
Technology, and a sister, Miss Mary W. Dewson. A son, Harvey 
Field Dewson, died in 1914 from injuries sustained playing basket- 
ball while a student at M.I.T. 

Mr. Dewson was elected to junior membership in the A.S.M-.E. in 
1889 and was promoted to the member grade in 1898. He also be- 
longed to the Ethical Culture Society, New York, University Club, 
Boston, and golf clubs in Maine and Florida. 


JOSEPH FAIRBURN DICKSON (1886-1939) 


Joseph Fairburn Dickson, assistant chief engineer of the Kewanee 
Boiler Corporation, Kewanee, II]., died suddenly at his home in that 
city on August 28, 1939, of a heart attack. Mr. Dickson was born 
in Denver, Colo., on May 6, 1886, a son of Gavin and Elizabeth 


pes 
peli 
“4 
+ 
| 
| 
| = 
| 
| 


RI-56 


(Logan) Dickson, but moved with his family to Galva, IIl., at the 
age of five, and received his education in the public schools of that 
town. 

Following his graduation from high school in 1901, he began work 
with the Hayes Pump & Planter Co., Galva, as machinist and metal 
patternmaker, and remained with that company until 1910. He 
then took up the same kind of work for the Kewanee Boiler Company. 
In 1911-1912 he was draftsman for the National Tube Company at 
its Kewanee plant, forerunner of the Kewanee Works of the Walworth 
Company. He returned to the Kewanee Boiler Company (which 
later became the Kewanee Boiler Corporation, a Division of the 
American Radiator & Standard Sanitary Corp.) in 1912 as draftsman 
and designer for all types of boilers manufactured by the company. 
He was made assistant chief engineer in 1917. 

Mr. Dickson became a member of the A.S.M.E. in 1927. He was 
also a Knight Templar and a member of the Elks fraternal order. 
He was active in the Midland Club, of Kewanee, and for a number of 
years was chairman of its grounds committee. He married Nellie 
Costain, of Galva, in 1910. She died in 1915, leaving a daughter, 
now Mrs. Carl Granquist, of Chicago. In 1930 he married again, 
his wife being Lois Winans, of Kewanee. She and a daughter, Jean, 
and also a brother, R. B. Dickson, of Kewanee, survive him. 


PAUL CONWELL DURBIN (1894-1939) 


Paul Conwell Durbin, apparatus methods engineer of the Installa- 
tion Department, Western Electric Company, Inc., New York, N.Y., 
and a major in the Air Corps Reserves, was killed in an airplane crash 
on July 14, 1939, at Bethpage, L.I., N.Y., while on a training flight, 
on,the last day of his annual two-week tour of duty with the Air Re- 
serves. 

Major Durbin enlisted as an aviation cadet in June, 1917. Upon 
completion of ground-school training at Cornell University, he was 
ordered overseas and was in a group of cadets who received their fly- 
ing training at Foggia, Italy. Following his commission as a lieu- 
tenant in June, 1918, he went to Ford Junction Airdrome at Sussex, 
England, where he was attached to a Handley Page bombing squad- 
ron for special training. After the War, Major Durbin was given a 
commission as lieutenant in the Officers Reserve Corps. He was 
promoted to captain in 1923 and to major in 1930. He was particu- 
larly proficient in aerial photography and had completed the photo- 
graphic course at the Air Corps Technical School at Chanute Field, 
Rantoul, Ill. As an active pilot in command of the 861st Observa- 
tion Squadron of reserve officers at Mitchel Field, New York, Major 
Durbin had a large total of flying time and had received a certificate 
in the instrument flying and blind landing course on the Link trainer. 

Major Durbin was born on June 12, 1894, at Nashville, Tenn., son 
of William Lemuel and Jessie (Robinson) Durbin. He attended 
the Lane Technical High School, Chicago, Ill., and studied electrical 
engineering for two years at Purdue University. From June, 1915, 
until his enlistment, he was associated with his father in the Durbin 
Company, Inc., New York, manufacturers of electrical water heaters 
for the dental profession. He designed and wes in charge of produc- 
tion of a three-heat instantaneous heater, with small heating ele- 
ments and complete insulation, suitable for :nounting at the side of 
the chair. 

In September, 1919, Major Durbin took a position as mechanical 
engineer with the Celite Products Company, New York, sales or- 
ganization for The Celite Company, manufacturers of high-tempera- 
ture heat-insulating materials. He was connected with this com- 
pany until April, 1923, planning and testing insulations of boiler 
settings, cement kilns, oil-refinery equipment, and other industrial 
installations. 

Major Durbin entered the employ of the Western Electric Com- 
pany, Inc., in May, 1923, at the Hawthorne Works, Chicago. After 
a few months he was transferred to the Central Station Installation 
Department at New York, responsible for the setting of planning and 
estimating constants for the installation of step-by-step type cen- 
tral-office equipment. He was given the title of methods engineer 
in June, 1928, and the following year was put in charge of the ap- 
paratus methods group. It was his duty to see that all central office 
equipment met the specifications of the Bell Telephone Laboratories 
before being turned over to the telephone companies for installation 
and to provide the necessary equipment for field tests. He was en- 
gaged in this work until his death. For about six months in 1935 he 
was also part-time consulting engineer to I. L. Lesavoy, of Allentown, 
Pa., in connection with the design and construction of a portable 
sound-on-film machine to demonstrate Mr. Lesavoy’s invention for 
giving announcements automatically over a telephone line. 

Major Durbin joined the A.S.M.E. as a junior member in 1921 and 
was promoted to the grade of member in 1937. He was also a mem- 
ber of Sigma Chi fraternity, the Air Reserve Association of the U.S. 
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Aviators Post of the American Legion, the Quiet Birdmen, and the 
Masonic order. He was buried with full military honors in Arling- 
ton National Cemetery. Surviving him are his widow, Hazel 
(Palmer) Durbin, whom he married in 1923 and two daughters, 
Dorothy and Janet. 


ERNST WATSON FARLEY (1879-19388) 


Ernst Watson Farley, president of the Richmond Engineering 
Co., Inc., Richmond, Va., and a leader in civie and religious activities 
in that city, died on October 14, 1938, of pneumonia, at the Baptist 
Hospital in Atlanta, Ga., where he had gone to attend a meeting of 
the board of directors of the Y.M.C.A., Southern District. 

Mr. Farley was born on February 21, 1879, in Cleveland, Ohio, 
the son of Thomas Swasey and Anna Osgood (Cheever) Farley. 
While attending the Central High School in Cleveland he operated 
a small electric construction company and after his graduation 
he served an apprenticeship in general electric manufacturing with 
the Union Telephone Company in that city. He took up the study 
of electrical engineering at Yale University in 1897 and was gradu- 
ated from the Sheffield Scientific School with a Ph.B. degree in 
electricity four years later. While at the university he was a member 
of the bicycle team for three years and its captain in his senior year; 
he was intercollegiate record holder for the one-mile tandem bicycle 
race. 

In 1900 Mr. Farley did some work in the Engineering Department 
of the New England Telephone Company and following his gradua- 
tion from Yale he was assistant electrical engineer for the company 
for a number of months. He then entered the employ of the Iron 
Elevator & Transfer Co., Buffalo, N.Y., as an electrician, becoming 
assistant superintendent in charge of design, construction, and ma- 
chinery after a short time. He was with this company until 1904 
and subsequently served for short periods with the Niagara Construc- 
tion Co., Ltd., of Ontario, Canada, as assistant to the electrical en- 
gineer; the Oliver Chilled Plow Works, South Bend, Ind., on hydro- 
electric powerhouse construction and the design and construction of 
an underground transmission system across the city; the Ontario 
Power Company, Niagara Falls, Ontario, in design, construction, 
and operation work; and the Telluride (Colo.) Power Company, as 
engineer on the design, construction, and operation of power-plant 
equipment and high-tension transmission lines. 

In 1906 Mr. Farley went to Richmond as shop engineer for the 
American Locomotive Company, designing and building a power 
plant and factory buildings and installing equipment. In 1908 he 
was transferred to Schenectady, N.Y., as maintenance engineer of 
plant machinery, and the following year went to the New York office 
of the company to serve as general maintenance engineer, in which 
capacity he served to 1914. In that year he purchased the assets 
of the Richmond Engineering & Manufacturing Co., and continued 
its operation as the Richmond Engineering Company, with himself 
as president. The business grew steadily under his management. A 
new plant was built in 1917, and in 1926 the company was incorpo- 
rated, began producing a standard line of tanks, and engaged in the 
steel fabricating business. Other products have since been added, 
and the plant enlarged. 

Mr. Farley had been a member of the City School Board of Rich- 
mond since July, 1933. He was particularly interested in the de- 
velopment of technical and vocational education in the high schools 
of the city. He had also been chairman of the school committee of 
the Virginia Mechanics’ Institute,since 1909. He was elected second 
vice-president of the Richmond Chamber of Commerce in January, 
1938, was a former president of the Richmond Rotary Club, and had 
served as president of the local advisory board of the Salvation Army. 
He was corresponding secretary of the Richmond Y.M.C.A. and had 
been a member of the board of directors, Southern District, since 
1918. 

Mr. Farley became a resident of the Ginter Park section of Rich- 
mond in its early days and contributed largely to the planning and 
building of that community. He was one of three men who organized 
the Ginter Park schools, and it was through his efforts that general 
water and sewage systems were developed in the area. He was chair- 
man of the building committee of the Ginter Park Baptist Church, 
which he served as a deacon from 1917 until his death and as trustee 
during the last two years of his life. He was vice-president of the 
Yale Alumni Association of Richmond, 1923-1925. 

A member of the A.S.M.E. since 1913, he was active in the organi- 
zation of the Virginia Section in 1919, served as a member of its ex- 
ecutive committee the first year, as chairman in 1920, again a mem- 
ber from 1929 to 1933, and was re-elected chairman in 1937. He re- 
signed his membership in the American Institute of Electrical En- 
gineers in 1933, after having belonged to that organization since 
1905. 
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Mr. Farley married Maude Hutcheson Starke, of Richmond, in 
1911, and is survived by her and their three sons and two daughters. 
Ernst Watson, Jr., Edwin Starke, James Cheever, Maude Safford, 
and Susanna Farley. <A brother, Ira C. Farley, and stepsister, Mrs. 
George Phypers, both of Cleveland, also survive him. 


JOSEPH VINCENT FARRELL (1896) 1939) 


Joseph Vincent Farrell, who died of pneumonia at his home in 
Thomaston, Conn., on March 24, 1939, was born in Waterbury, 
Conn., on March 9, 1896, the son of John Francis and Margaret 
Louise (Dunigan) Farrell. He was graduated from high school in 
Watertown, Conn., in 1914. In April, 1916, he became personal 
secretary to the general superintendent of the Bristol Company in 
Waterbury, and he continued in that position until September, 1919. 
He then began a course in industrial mechanical engineering at Pratt 
Institute, Brooklyn, N.Y., but was obliged to withdraw in February, 
1920, because of the death of his mother. From March to Novem- 
ber, 1920, he worked in the Research Department of the Chase Metal 
Works, Waterville, Conn., making physical tests on brass. He re- 
turned to Pratt Institute in January, 1921, and was graduated in 
June, 1922. 

Following the completion of his course, Mr. Farrell took a position 
as draftsman with the Doehler Die Casting Company, Brooklyn, 
where he remained for about a year. He next spent two months in 
drafting work for the Metal Stamping Company, Long Island City, 
N.Y. Since then he had been draftsman and designer for the Seth 
Thomas Clock Company, Thomaston, Conn., specializing in the de- 
sign of tower clocks, special timepieces, and mechanism for operating 
chimes for tower clocks. 

Mr. Farrell became a junior member of the A.S.M.E. in 1923. He 
was promoted to associate-member in 1925 and automatically trans- 
ferred to full membership ten years later. He was also a member of 
the Connecticut Society of Professional Engineers and of the Knights 
of Columbus, in which he was Grand Knight during 1932 and 1933. 
He was president of the Colloquim Club in 1934, and treasurer of the 
Democratic Town Committee, Thomaston, for two years prior to his 
death. He is survived by his widow, Lillian Elizabeth (Burns) 
Farrell, whom he married in Watertown in 1927, and by a son and a 
daughter, John and Marie Farrell. 


RICHARD JOSEPH FAVORITE (1891-1938) 


Richard Joseph Favorite, whose death from endocarditis occurred 
at Waban, Mass., on November 30, 1938, was born in Chicago, IIl., 
on October 27, 1891, son of Felix Joseph and Louise Marie (Hin- 
ricksen) Favorite. He went to Massachusetts at an early age and 
secured his grammar-school education in Wollaston and high-school 
education in Quincy. He was graduated from the Massachusetts 
Institute of Technology in 1914, with a B.S. degree in mechanical 
engineering. 

Mr. Favorite worked during all of his summer vacations while in 
high school and college. He spent two summers with his father in 
drafting, surveying, and construction work on buildings, for the 
Nelson & Erickson Construction Co. and Thomas Whelan & Sons, 
both of Quincey. Other vacations were given over to drafting-room 
work for the Electric Boat Company, Quincy, and the Fore River 
Shipbuilding Company, Quincey, employed him in successive summers 
as draftsman, machinist’s helper, and machinist. For a short time 
toward the end of his junior year at M.I.T. he was with the Wireless 
Specialty Apparatus Company, Boston, standardizing plans of wire- 
less apparatus and installing a drafting system for the design of wire- 
less equipment for merchant vessels. 

Following his graduation, Mr. Favorite was engaged for about a 
year as inspecting surveyor for the Associated Factory Mutual Fire 
Insurance Companies of Boston. From June, 1915, to August, 1920, 
he was leading draftsman and engineer for the Electric Boat Company 
at Groton, Conn., and he took up that work again in December, 
after spending the interim as assistant general foreman for the Charles 
A. Fellows Co., Los Angeles, Calif., construction shops for the Santa 
Fe Railroad. 

He left the Electric Boat Company in December, 1921, to become 
Diesel design engineer and assistant erecting superintendent for the 
Worthington Pump & Machinery Corp. at East Cambridge, Mass. 
He continued in that position until March, 1924, when he became 
mechanical designer for Stone & Webster, Inc., Boston. Two years 
later he was transferred to the Mechanical Engineering Division of 
the Stone & Webster Engineering Corp., with which he remained 
until his death. 

In his early associations Mr. Favorite became proficient in the 
design and construction of Diesel engines and marine machinery. 
a work for Stone and Webster on steam power plants was equally 
ethcient. 
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Mr. Favorite became an associate-member of the A.S.M.E. in 
1921 and was promoted to the grade of member ten years later. 
He was a 32nd degree Mason. He married Louise Randall Avery in 
1921 and is survived by her and two daughters, Nancy R. and Joyce 
Favorite. 


HENRY STUART FLEMING (1863-1938) 


Henry Stuart Fleming, consulting engineer, died on October 19, 
1938, at his home in Bronxville, N.Y. He was born in Philadelphia, 
Pa., on July 21, 1863, the son of Joseph and Emma (Scherzer) Flem- 
ing. He attended public school and the Springgarden Institute, in 
Philadelphia, and while studying at the institute secured some prac- 
tical experience in machine shops in that city. In 1881 he began 
a two-year special course at the University of Pennsylvania, and se- 
cured a certificate of proficiency in analytical chemistry and metal- 
lurgical engineering in 1883. 

The following year he opened an engineering office and chemical 
laboratory in Chattanooga, Tenn., and from that time until his death 
he carried on a consulting practice there and in New York, where he 
established an office in 1890. <A large percentage of the numerous 
enterprises with which he was connected as a consultant or executive 
were in the mining and metallurgical and transportation fields, but 
he also took part in land development projects and was interested in 
light. heat, and power supplies, textiles, paper and pulp, tungsten 
filaments, gas burners, smokeless furnaces, multiphones and telauto- 
graphs, marble and cement. His work reached into many parts of 
the United States, as well as Canada, Mexico, South America, and 
the West Indies. He served on the editorial staff of Manufacturers 
Record for several years in the early 1890's. 

Mr. Fleming became a member of the A.S.M.E. in 1903. He also 
belonged to the American Institute of Mining and Metallurgical 
Engineers, American Chemical Society, American Geographical So- 
ciety, International Society for Testing Materials, North-of-England 
Institute of Mining and Mechanical Engineers, Société de Chimie 
Industrielle, and Society of Illustrators, as well as to a number of 
clubs in this and other countries. 

Mr. Fleming was twice married. His first wife, Caroline M. Pel- 
gram, of Paterson, N.J.. whom he married in 1905, died in 1927, 
leaving a son, Raoul Pelgram, and a daughter, Mrs. Elizabeth (Flem- 
ing) Stone. In 1933 he married Thelma Cecelia Jacobsen Odegaar- 
den, of Oslo, Norway, who survives him. 


HOWARD C. FLETCHER (1880-1938) 


Howard C. Fletcher, principal naval architect of the Design Sec- 
tion (Hull), Industrial Department (Planning Division), at the 
United States Navy Yard at New York, died suddenly on January 
11, 1938, of an acute heart attack, at his home in the Bay Ridge sec- 
tion of Brooklyn, N.Y. 

Mr. Fletcher was born on February 4, 1880, in New York, N.Y., the 
son of John Puncheon and Louise (Ecker) Fletcher. At an early age 
he moved to Brooklyn with his parents and he attended elementary 
and high school in that borough. Later he supplemented this early 
education with extension courses in engineering. His first work 
after leaving school was with the International Gas Engine Company, 
Brooklyn, where he was engaged as mechanical draftsman on gas- 
engine design from July, 1898, to July, 1900. He entered the ship- 
building industry as mechanical draftsman for the Staten Island 
Shipbuilding Company, Port Richmond, working on engine and 
boiler design, and piping layouts at first and later on hull design and 
construction. In February, 1901, he went to Newport News, Va., 
where for about two and one-half years he was engaged in similar 
work at the Newport News Shipbuilding & Dry Dock Co. 

In October, 1903, Mr. Fletcher became associated with the Marine 
Department of the Pennsylvania Railroad, in Jersey City, N.J., as 
marine draftsman and inspector of construction, in connection with 
engine, boiler, and general mechanical design, power-station layouts, 
and car-ferry-transfer bridges. He was next employed, beginning 
in March, 1907, by the Goldschmidt Thermit Company, New York, 
as mechanical engineer, designing special machinery and shops and 
introducing cost and efficiency systems; he also served as traveling 
sales engineer, introducing the Thermit welding process and handling 
rare metals used in steel manufacture. 

Mr. Fletcher's first connection with the Navy Yard was from 
January, 1909, to April, 1911, as marine draftsman on warship de- 
sign and construction, and supervisor of one of the drafting-room 
departments. Then for about a year he was in the employ of the 
Otis Elevator Company, New York, where he was responsible for 
special-machinery designs. He returned to the Navy Yard in May, 
1912, and for three years was supervisory marine draftsman in charge 
of structural design. In July, 1915, he was appointed chief drafts- 
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man, Hull Division, and about five years prior to his death he was 
advanced to the position of principal naval architect, the highest 
civilian rating at the Navy Yard. 

Among the outstanding naval vessels in the design of which Mr. 
Fletcher participated were the battleships Florida, New York, Ari- 
zona, New Mexico, Tennessee, South Dakota and Indiana, the cruisers 
Pensacola, New Orleans, and Brooklyn, the destroyers Hull and Dale, 
and the gunboat Erie. At the time of his death he was engaged in 
directing the technical work involved in the completion of the cruisers 
Honolulu and Helena, and the development of the designs for the 
battleships North Carolina and Washington. The 250-ton freight 
lighter YF-221, the Navy’s first all-arc-welded ship of this size, was 
designed by Mr. Fletcher. He was considered an authority on 
launching, having developed many new features, among which was 
all-steel structural cribbing, in which welding was employed. At the 
time of his death he was studying the question of steel ways. 

Prior to World War I, it was customary, in constructing merchant- 
ship (auxiliary) gun implacements, to employ box flanges and staple 
work. This technique not only slowed up the work but was beyond 
the capacity of many of the small shipyards where considerable of 
this type of construction was carried on. Speed was a vital factor, 
as many of the ships had to be completed in a week or ten days. Mr. 
Fletcher developed a set of different sizes of standard gun-foundation 
plans that employed only the simplest type of straight construction 
with simple structural standards. These plans were sent all over 
the country as a guide for future merchant work. 

Mr. Fletcher also developed many important features of the Navy 
submarine rescue chamber. His ability as a naval architect and 
marine engineer was widely recognized and he was frequently con- 
sulted concerning proposed designs for commercial vessels. He 
was himself an expert mechanic, being completely at home in han- 
dling all types of power and hand tools. He liked to make miniature 
motor crafts and to design and create dollhouses, and was interested 
in designing small homes. He was also an etcher. 

Mr. Fletcher became a member of the A.S.M.E. in 1918. He 
represented the U.S. Navy on the Sectional Committee on Drawings 
and Drafting Room Practice and served on its Subcommittee on 
Methods of Indicating Dimensions. He was a member of the Bay 
Ridge Masonic lodge and Men’s Club and the Society of Old Brook- 
lynites, and was a clerk and elder in the Union Church of Bay Ridge. 
Surviving him are his widow, Ada Reynolds (Van Deusen) Fletcher, 
whom he married in 1911, and two daughters, Dorothy and Virginia. 


ALFRED J. FORSCHNER (1889-1937) 


Alfred J. Forschner died on March 26, 1937, in St. Joseph's Hos- 
pital, Hot Springs, Ark. Mr. Forschner was born at LaGrange, III., 
on August 28, 1889, the son of Thomas J. and Grace (Dempsey) 
Forschner. He prepared for college in Holy Trinity School and was 
graduated from the Catholic University, Washington, D.C., in 1908. 

From 1908 to 1911, inclusive, Mr. Forschner was employed by the 
Croton Falls Construction Company, Brewster, N.Y., as master 
mechanic and superintendent, in charge of power-plant operation and 
maintenance work. From 1911 to 1913, he was master mechanic 
and assistant superintendent for I. J. Smith & Co., Richmond, Va. 
He was in full charge of the building of a large concrete bridge be- 
tween Richmond and Manchester, Va. He next worked for two 
years for the King Ganey Construction Company, Lock Raven, Md., 
first as master mechanic and later as superintendent. His work 
here consisted in raising the Lock Raven Dam to increase the storage 
capacity for the city of Baltimore, Md. 

Mr. Forschner was employed from 1915 to 1918 by M. E. Davis of 
New York, N.Y., as master mechanic and erecting engineer, chiefly 
on power-plant equipment. In 1918, he joined the Ordnance Depart- 
ment of the U.S. Army as technical assistant to the Major of Ord- 
nance in charge of artillery ammunition loading; in 1919-1920, he 
was in charge of maintenance and construction work as maintenance 
superintendent at Amatol Arsenal, near Hammonton, N.J. After 
leaving the service in 1920, Mr. Forschner was appointed power 
superintendent for the Buffalo plant of the National Aniline & Chemi- 
cal Co., later being sent to the Marcus Hook, Pa., plant. 

In 1922, Mr. Forschner went into business for himself in Phila- 
delphia, under the firm name of Alfred J. Forschner Co., designing 
and selling excavating machinery. Later he became manufacturers’ 
agent for various types of construction equipment. In 1927 he was 
made sales manager of the Sand and Gravel Department of the R. H. 
Beaumont Co., Philadelphia, where he remained until 193%, when he 
became part owner of the Atlas Conveyor Company, Inc., Phila- 
delphia. He was vice-president and secretary of this company at 
first, and at the time of his death was its president and treasurer. 

Mr. Forschner was twice married. His first wife was Eleanor 
Tennyson, who died in 1926. They had two children: a son, now 
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dead, and a daughter, Eleanor. His second wife, Emma R. Schenck, 
of Drexel Hill, Pa., whom he married in 1927, survives him. 

In 192i, Mr. Forschner joined the A.S.M.E. as an associate-mem- 
ber; he was promoted to member in 1925. He was active in the 
Contractors’ Association in Philadelphia and was also a member of the 
fraternal orders, Elks and Knights of Columbus. 


MITCHELL L. FYKSE (1884 1939) 


Mitchell L. Fykse, chief engineer of Division B of the Bucyrus- 
Erie Company, South Milwaukee, Wis., died on August 15, 1939. 
He was born on September 13, 1884, in Oystese, Hardanger, Norway, 
son of Lars M. and Cecilie Fykse. He was educated as a mechanical 
engineer in the technical school in Bergen, Norway. Following his 
graduation in 1905 he came to the United States, where his first em- 
ployment was as draftsman and surveyor with the Oliver Iron Mining 
Company, Coleraine, Minn., from March to August, 1906. He 
next worked for some eight months as draftsman on electric-crane 
designs for the Morgan Engineering Company, Alliance, Ohio. 
From April, 1907, to November of that vear he designed electric 
eranes and conveying machinery for the Jeffrey Manufacturing 
Company, Columbus, Ohio, and subsequently, until April, 1908, he 
worked as designer of conveying machinery and coaling stations for 
the Roberts & Schaefer Co., Chicago, III. 

In April, 1908, Mr. Fykse went to work for the Bucyrus Company, 
South Milwaukee, beginning as detailer, designer, and checker on 
various types of excavating machines. <A review of his work up to 
1920, when he became a member of the A.S.M.E., shows the follow- 
ing progression of positions held by him and work involved: draft- 
ing-room foreman on dredge work; assistant engineer on steam 
shovels; engineer on steam shovels, revolving shovels, and railway 
cranes; engineer in charge of all small machinery (shovels and drag- 
lines) manufactured at the Evansville, Ind., plant; engineer on placer- 
dredge designs; and assistant mechanical engineer in charge of all 
floating excavating machinery. 

In 1921 Mr. Fykse became chief engineer of the full-revolving type 
of small shovels built at the Evansville plant. In 1926 he spent con- 
siderable time in India, Egypt, Continental Europe, and England 
studying excavating problems and viewing Bucyrus-built machines. 
He also studied competitive machines built in Europe. 

After the merger of the Bucyrus Company and the Erie Steam 
Shovel Company in 1928, the small shovels built at the Erie plant of 
the Bucyrus-Erie Company were placed in charge of Mr. Fykse. He 
acted as a consultant on machines not directly under his jurisdiction 
and he also took a leading part in coordinating the work of the Engi- 
neering Department of Ruston-Bucyrus, Ltd., of Lincoln, England, 
formed in 1929, with that of the Engineering Department of the 
Bucyrus-Erie Company at South Milwaukee. 

In 1931 he became chief engineer of the quarry and mining type 
shovels, which include machines up to six cubie yards, built at the 
South Milwaukee plant. He visited Chile, Argentina, Brazil, and 
other South American countries in connection with his work in 1936. 
Later added responsibilities included the improvement in design of 
blast-hole drills, water-well drills, and oil-well spudders, which were 
a new product of the Bucyrus-Erie Company resulting from the pur- 
chase of the Armstrong Manufacturing Company of Waterloo, 
Towa. He was considered an authority on excavating machinery 
and its applications and had taken out a number of patents in this 
field. 

Mr. Fykse was naturalized as an American citizen in Milwaukee 
County in 1913 and in that same year married Adelaide E. Moore, 
of South Milwaukee. He is survived by her and by a daughter, 
June Elizabeth, and a son, Lewis Dean Fykse, elected a junior mem- 
ber of the A.S.M.E. following his graduation from the Massachusetts 
Institute of Technology in 1941. 


FRANK B. GILLIGAN (1878-1939) 


Frank B. Gilligan, mechanical engineer for the Oxford Miami 
Paper Company, West Carrollton, Ohio, died on April 28, 1939. He 
was born at South Hadley Falls, Hampshire County, Mass., on July 
5, 1878, son of Michael and Bridget (McIntee) Gilligan. He supple- 
mented his grade- and high-school studies with technical courses at 
Cooper Union, New York, and through the International Corre- 
spondence Schools. 

Mr. Gilligan’s engineering work was connected with the design 
and construction of paper, pulp, sulphite, and hydroelectric plants 
and their equipment. He was associated from 1900 to 1903 and again 
from 1904 to 1913 with Joseph H. Wallace, a member of the A.S.M.E.., 
who was responsible for many developments in the paper and pulp 
industry in the United States, Canada, and abroad. Mr. Gilligan 
was draftsman in the New York office during the first period of his em- 
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ployment with Mr. Wallace. Then after about a year in similar work 
for George F. Hardy, another A.S.M.E. member working in the paper- 
mill field, he rejoined Mr. Wallace. In 1906 he was sent to England 
as chief draftsman and field engineer and after his return to the 
United States in 1909 he served as field engineer in various parts of 
this country and Canada. 

He left the employ of Mr. Wallace in 1913 to become engineer for 
the International Paper Company, for which he also did field work 
on the design and construction of pulp and paper mills. In 1919- 
1920 he was chief engineer for the Minnesota & Ontario Paper Co., 
International Falls, Minn., and during the next seven years was as- 
sociated with V. D. Simons, of Chicago, as engineer on field and re- 
port work. He took the position of plant engineer with the Oxford 
Miami Paper Company in 1927 and became the company’s mechani- 
cal engineer in 1936. 

Mr. Gilligan was elected a member of the A.S.M.E. in 1923. He 
is survived by his widow, the former Marie Louise Brodie, of New 
York, whom he married in 1904, and by two daughters, Lucie and 
Alma. 


EDWARD OTIS GOSS (1865-1938) 


Edward Otis Goss, president of the Scovill Manufacturing Com- 
pany, Waterbury, Conn., manufacturers of metals and metal wares, 
died at his home in Waterbury on July 4, 1938, after a brief illness. 
He was a native of that city, where he was born on September 29, 
1865, the son of Chauncey Porter and Caroline (Ketcham) Goss 
He attended the Waterbury English and Classical School, and planned 
to enter Williams College. He decided, however, to go to the Massa- 
chusetts Institute of Technology and began his studies there in 
September, 1883, after having spent a year as apprentice machinist 
with the Scovill company. Because of not taking French and Ger- 
man prescribed in the regular course, he was not graduated, but re- 
ceived a certificate of good standing in all classes in a special course 
in mechanical engineering. 

Following the completion of his work at M.I.T. Mr. Goss was em- 
ployed for several months on drafting and design for a new rolling- 
mill plant, then from October, 1887, to February, 1888, he worked as 
a draftsman for the Farrell Foundry & Machine Co., Waterbury. 
Beginning work for the Scovill company as a draftsman at that time, 
he rose to the presideney of the company in 1920. After ten years 
in general drafting and engineering work he was appointed director 
in 1898. He was made assistant treasurer of the company in 1900, 
general manager in 1911, vice-president and treasurer in 1918. One 
of his greatest periods of activity was during the first World War, 
when the company was engaged in the production of munitions from 
1914 to 1918, the personnel increasing from about four thousand to 
fifteen thousand six hundred at its maximum. 

Mr. Goss was also a director of the New York, New Haven, and 
Hartford Railroad, the Connecticut Company, and Landers, Frary 
& Clark, New Britain, Conn. He had been president of The Citizens 
and Manufacturers National Bank, of Waterbury, since The Citizens 
National Bank, of which he had been president, was merged with 
The Manufacturers National Bank in 1922. He had served the 
City of Waterbury as president of the Board of Aldermen and as a 
member of the Board of Education and Board of Public Works. 

The membership of Mr. Goss in the A.S.M.E. began in 1889 as a 
junior; he was promote: to full membership in 1906. He was also 
a member of the Ameri an Institute of Mining and Metallurgical 
Engineers, a Fellow of the Royal Society of Arts (London), a found- 
ing member of the New England Council, and a member of the Na- 
tional Industrial Conference Board, as well as of a number of clubs, 
including the India House and Bankers Club, of New York, Lauren- 
tian Club, of the Province of Quebec, Canada, and Waterbury Coun- 
try Club. 

Mr. Goss married Harriet Wheeler, of Waterbury, in 1891, and 
was survived by her and their three sons, Edward Wheeler Goss, 
William M. Goss, and Eliot Porter Goss (since deceased). ' 

EDGAR EUGENE GREVE (1ISS81-1938) 

Edgar Eugene Greve, for many years chief engineer of the Oil Well 
Supply Company, died on March 6, 1938, in Dallas, Texas, after a 
prolonged illness. He was obliged to withdraw from active duty 
with the company in 1935 and was retired in 1937. 

Mr. Greve was born in Brooklyn, N.Y., on July 12, 1881, the son 
of William, and Elmira F. Greve. He prepared for college in the 
Boys High School, Brookiyn, and in the Stevens Preparatory School, 
and then entered the Stevens Institute of Technology, where he was 
graduated in 1904 with an M.E. degree. He followed this with a 


year at the Colorado School of Mines, receiving an E.M. degree in 
1905. 
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During the next two years Mr. Greve was assistant superintendent 
of the Continental Tunnel, Georgetown, Colo., and in 1907-1908 
held a similar position at the Tornado Mine, Del Norte, Colo. He 
next worked for a year in charge of a survey for the Nevada-Cali- 
fornia Light & Power Co. and three years obtaining oil-field experi- 
ence on properties in Bakersfield and Taft, Calif. He became chief 
engineer of the Oil Well Supply Company, at Pittsburgh, Pa., in 
1912. He was transferred to Dallas in 1932, and was in charge of 
the Patent Department of the company there until his retirement. 
During his years as chief engineer of the company, rotary-drilling 
methods experienced intensive developments. Mr. Greve con- 
tributed very largely in devising various items of rotary-drilling equip- 
ment, a considerable number of which were patented and performed 
excellently in accomplishing the drilling of wells of continuously in- 
creasing depth. 

Mr. Greve was a member of the American Petroleum Institute, 
which was established in 1919, served as national secretary of its 
Rotary Division, and represented it on various committees, particu- 
larly those devoted to the standardization of drilling equipment. 
He had been a member of the A.S.M.E. since 1920. 

Mr. Greve married Mary E. Ratigan, of Oswego, N.Y., in 1912, 
and is survived by her and two sons, Edgar W. and John W., as well 
as by a sister, Mrs. John B. Holler, of Forest Hills, L.I., N.Y., and 
two brothers, F. William Greve, professor at Purdue University, 
and Fred Greve, engineer of highways and bridges, Nashville, Tenn. 


ROMEO ARTHUR GRISE (1887-1938) 


Romeo Arthur Grisé, plant engineer for the Russell & Erwin 
Manufacturing Co., New Britain, Conn., died on February 4, 1938, 
of pneumonia at the New Britain General Hospital, where he had 
been confined for several months following an operation. 

Mr. Grisé was born on July 18, 1887, at Ware, Mass., the son of 
Joseph Baptiste and Josephine Marie (D’Arche) Grisé. After being 
graduated from the Ware High School he went to the Worcester 
Polytechnic Institute, where he was given an S8.B. degree in 1910. 
During the next year he was employed by the Westinghouse Machine 
Company, East Pittsburgh, Pa., where he divided his time between 
erection and tests of small turbines and work on power problems, in 
the office of the company’s commercial engineer. He next spent a 
year with the Weir Stove Company, Taunton, Mass., where he worked 
first in the foundry and core room, then for a few months on gas 
ranges and furnaces, and finally about six months as assistant to 
the master mechanic. 

In the fall of 1912, Mr. Grisé began a term of service with the 
Stanley Works, of New Britain, dividing his time between the plant- 
engineering and cost departments. He left this position in the spring 
of 1916 to begin work for the Russell and Erwin division of the Ameri- 
can Hardware Corporation, where he was given full charge of the 
power department. In 1919, he laid out and changed over the entire 
heating system of the plant. From then until his death, he held the 
position of plant engineer. 

Mr. Grisé became a member of the A.S.M.E. in 1924, and was ac- 
tive in the work of the New Britain Section. He served as a member 
of the Executive Committee of the Section in 1928, secretary-treas- 
urer in 1931-1932, vice-chairman in 1933-1934, chairman in 1935- 
1936, and again as a member of the committee in 1937-1938. He 
was a member of St. Peter’s Roman Catholic Church and of Daly 
Council, Knights of Columbus, a former chairman of the Diocesan 
Bureau of Social Service, and a member of the board of directors of 
St. Jean the Baptiste Society. He was also a member of the Sigma 
Xi and Tau Beta Pi fraternities. 

Mr. Grisé is survived by his widow, Ida Amanda Grisé, whom he 
married in 1914, a sister, Irene, and five brothers, Adrian, Lionel, 
Raoul, Armand, and Lucien. 


HENRY GULICK (1863-1937) 


Henry Gulick, president of the Gulick-Henderson Co., Ine., in- 
specting engineers, metallurgists, and chemists, New York, which was 
established in 1907, died on October 28, 1937. He was born in Cin- 
cinnati, Ohio, in March, 1863, son of Henry and Angelina (Poole) 
Gulick. After a public-school education he spent some years in 
California, engaged in the development of water for irrigation pur- 
poses. About the year 1900 he became connected with the Robert W. 
Hunt & Co., of Chicago, as inspecting engineer in the office at Pitts- 
burgh, Pa., and for the next seven years was actively engaged in 
testing and inspecting materials, and supervising the design and con- 
struction of railway equipment, buildings, and other structures. As 
president of the Gulick-Henderson Co., Inc., he gave particular at- 
tention to the design and construction of electric- and steam-railway 
equipment, to determining the quality and suitability of materials 
for automobiles, and to the inspection and tests of war materials. 
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Mr. Gulick became a member of the A.S.M.E. in 1915 and also 
held membership at the time of his death in the Society of Automo- 
tive Engineers, American Society for Testing Materials, and Ameri- 
can Railway Engineering Association. 

Surviving Mr. Gulick are his widow, Clara (Shar) Gulick, and two 
sons, John W. and William S. Gulick. 


EDWARD PRESTON HAINES (1873-1937) 


Edward Preston Haines, consulting engineer and inventor, died 
of a heart attack at his home in Mt. Airy, Philadelphia, Pa., on 
October 16, 1937. 

Mr. Haines was born on December 6, 1873, at Rancocas, N.J., the 
son of Samuel and Mary (Williams) Haines. He prepared for college 
in Westtown Boarding School, Westtown, Pa., from which he was 
graduated in 1892. He then entered Cornell University, and there 
obtained his M.E. degree with the Class of 1896. 

His preference for design started him as a draftsman with 8. L. 
Allen & Co., Philadelphia, manufacturers of agricultural implements, 
designing hammer and forging-press dies. From there he went to 
the Brown & Sharpe Manufacturing Co., Providence, R.I., in April, 
1897, where he engaged in detailing, laying out, and checking milling 
machines and gear cutters. From this position he went with the 
Maris Brothers, Philadelphia, crane builders, in April, 1898, and was 
employed in designing girders and crane parts. In October, 1898, 
he designed their first steam gantry. 

Mr. Haines then took a position with the Pennsylvania Iron Works 
Company, Philadelphia, where he worked for two years as a designer 
of Corliss and four-valve steam engines, then for a year as field ex- 
pert, indicating and testing heavy-duty steam engines, and finally 
spent about two years as valve-gear and governor expert, especially 
in the parallel operation of alternating-current, direct-connected 
units. 

At the beginning of 1904, after a few months’ travel in the Middle 
West, on personal business and pleasure, Mr. Haines took up work 
with the Westinghouse Machine Company, of East Pittsburgh, as a 
leading draftsman on horizontal gas engines. He left their employ 
in March, 1905, to become chief engineer of the Columbus (Ohio) 
Machine Company, where he developed a special carburetor, rod 
packing, and throttle valve. 

Between 1907 and 1912, Mr. Haines was chief engineer of The 
Sun Power Company, Tacony, Philadelphia, designing and testing, 
and making thermodynamic investigations on hot-water turbines, 
high- and low-pressure steam engines, irrigation and vacuum pumps, 
and similar work. From October, 1912, to May, 1913, Mr. Haines 
was in England, superintending the completion and testing of en- 
gines built there to his designs. A description of these engines and a 
report on their tests appeared in The Engineer, London, May 30, 
1913. 

On his return to the United States, Mr. Haines engaged in con- 
sulting practice and in designing steam engines; then investigated 
processes and designed automatic machinery for the Crown Cork & 
Seal Co., of Baltimore, Md., and in 1916, did considerable miscellane- 
ous work, principally on crane design. 

From October, 1916, to September, 1932, Mr. Haines was con- 
nected with the Department of Wharves, Docks, and Ferries of the 
City of Philadelphia, as mechanical and electrical engineer, his 
work covering designing, writing specifications for and installatior 
of water-supply systems, sprinkling systems, plumbing, heating, 
light and power wiring, and elevators on municipal piers; he was 
also in charge of tests and maintenance of electric elevators, hoists, 
and electric light and power systems of all municipal piers of Phila- 
delphia. This work involved the development of special devices to 
prevent freezing of piping; the cost of the various installations was 
more than $600,000. 

In 1919 he took out patents for new and useful improvements in 
‘*‘Mechanism for Operating Sectional Doors.’’ Later he patented 
his invention, ‘‘Method of and Apparatus for Distributing Cars.” 

During the last few years of his life, Mr. Haines was occupied in 
research work as well as consulting—specializing in heating, ventila- 
tion, and air conditioning. 

In 1907 he became a member of the A.S.M.E. He was also a 
member of the Engineers’ Club, Cornell Club of Philadelphia, and 
the Pennsylvania Society of Professional Engineers. 

Mr. Haines belonged to the Society of Friends and was a descend- 
ant of an old American family. His ancestor, Richard Haines, of 
the County of Northamptonshire, England, who made his first 
American home in Rancocas, N.J., sailed for America on the ship 
Amity in 1682. 

Surviving Mr. Haines are his widow, Mary Beatrice (Gates) 
Haines, whom he married in Philadelphia in 1908, and their son, Ed- 
ward Preston, Jr., as well as two brothers, Alfred C., of Wildwood, 
N.J., and T. Lee, of Moorestown, N.J. 
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HORACE ELMER HALL (1905-1939) 


Horace Elmer Hall, on leave of absence from his duties as instructor 
in mechanical engineering at the Massachusetts Institute of Tech- 
nology because of poor health, committed suicide on May 11, 1939. 
He was born at Spangle, Wash., on January 16, 1905, son of Horace 
Edward and Ida Elizabeth (Grunewald) Hall. He attended the 
local grade and high schools and was graduated from the State Col- 
lege of Washington in 1928 with a B.S. in M.E. degree. 

During the latter half of 1928 Mr. Hall was employed by the Har- 
nischfeger Corporation, Milwaukee, Wis., as draftsman and designer 
on excavating machinery. The following year he was a student en- 
gineer with the Westinghouse Electric & Manufacturing Co., Pitts- 
burgh, Pa., studying electrical equipment, mechanical design and 
related problems, and vibration. On leave of absence from the com- 
pany from December, 1929, to February, 1930, he served as instruc- 
tor in mechanical engineering, in charge of steam laboratory work, at 
the University of Pittsburgh, which in August, 1930, conferred upon 
him the degree of M.S. in M.E. 

Upon his return to the Westinghouse company in February, 1930, 
he was appointed research engineer in the Mechanics Division of the 
Research laboratories. His work consisted of studies in photoelastic- 
stress analysis, the solving of general problems in mechanics including 
vibration, work on internal friction in solids, and the design of in- 
struments and apparatus used in this connection. 

From September, 1930, to June, 1931, Mr. Hall was an instructor 
in mechanical-engineering subjects at the Texas Technological Col- 
lege, Lubbock. He then spent two academic years ut the Massa- 
chusetts Institute of Technology in advanced work and research for 
a doctor's degree. This work was interrupted during the summer of 
1933, however, as Mr. Hall received an opportunity to work on the 
design and development of compressors for the York (Pa.) Ice 
Machinery Corporation; and the following school year he was ap- 
pointed an instructor in machine design and kinematics at the Uni- 
versity of Maine, Orono. He returned to the Massachusetts In- 
stitute of Technology as an instructor in September, 1934, and con- 
tinued his research work toward the Sc.D. degree, which he received 
in 1937. He was exceptionally able in scientific research. His 
thesis submitted in partial fulfillment of the requirements for the 
Doctor of Science degree, entitled ‘Energy Dissipation Under Al- 
ternating Longitudinal Stress,"" brought out new and valuable infor- 
mation in this field. 

Dr. Hall was a member of the A.S.M.E. Student Branch at the 
State College of Washington and became a junior member of the 
Society subsequent to his graduation in 1928. He was promoted to 
the grade of associate-member in 1934 and automatically transferred 
to full membership the following year. 

Dr. Hall is survived by his wife, who was Miss Evelyn Kropp, of 
Pittsburgh, and also by his mother, a sister, and a brother. 


EDWARD FRANK HALLOCK (1888-1939) 


Edward Frank Hallock, chief automotive engineer with the So- 
cony-Vacuum Oil Co., Inc., New York, N.Y., died on February 23, 
1939. He was born in New York on November 18, 1888, son of 
George W. and Ada E. Hallock, and was graduated from public high 
school in that city. He took an engineering course at Cooper Union 
and for several years operated a marine repair shop in Brooklyn. 
The greater part of his work during the next ten years was in the 
field of technical writing and editing. He was assistant technical 
editor of Motor World, New York, from 1911 to 1913; technical edi- 
tor of Motorcycle Review, New York, 1913 to 1915; and technical 
editor of Motorcycling, Chicago, in 1915 and 1916. 

For a period of five years, 1915 to 1920, Mr. Hallock was technical 
editor of Automobile Digest, Cincinnati. This activity was carried 
on during his spare time from other duties except for nine months in 
1917-1918 when he went to Cincinnati to handle the work and pre- 
pare the manuscripts for the following technical books for the same 
publisher: ‘‘Automobile Lighting and Starting Systems;’”’ ‘‘The 
Model T Ford Book;" ‘Tractor Engines;’’ and ‘‘Handbook on Acety- 
lene Welding.” 

In 1916-1917, Mr. Hallock was employed by the Motorcycle 
Manufacturers’ Association, of New York, as technical secretary, 
working on the development of design standards. From August to 
November, 1918, he was connected with the Y.M.C.A. Aviation 
School, New York, as instructor in aviation-engine design, preparing 
students for U.S. Army service. He then joined the organization of 
the Vacuum Oil Company, New York. He served as engineer !vom 
1918 to 1921 and as manager of sales and service engineering (auto- 
motive) from 1921 on. He was appointed chief automotive enginee: 
for the Socony-Vacuum Oil Co., Inc., in November, 1933. 

During 1926 Mr. Hallock revised and rearranged the course of 
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study in automotive engineering for the Franklin Institute, Rochester, 
N.Y., and rewrote all the text matter to bring the course strictly in 
line with current automotive practice. 

Mr. Hallock became a member of the A.S.M.E. in 1931. He was 
also a member of the Society of Automotive Engineers. He married 
Edythe Van Name, of Brooklyn, in 1913 and is survived by her. 


CARL 8. HAMERSLEY (1873-1938) 


Carl S. Hamersley, president of The Hamersley Manufacturing 
Company, papermakers, Garfield, N.J., died on June 6, 1938, in 
New York, N.Y. He was born in Jersey City, N.J., on March 14, 
1873, son of Siegfried and Matilda (Lillienthal) Hammerschlag. He 
attended the Stevens Preparatory School and Stevens Institute of 
Technolegy, but left college before completing his course to go to 
work for the Hammerschlag Manufacturing Company, which had 
been founded by his father in New York in 1877. He became presi- 
dent of the Hamersley Manufacturing Company, which was incor- 
porated in New Jersey in 1895, about 1905 and was responsible for 
the design and manufacture of much of the special machinery used 
at the plant in making waxed-paper rolls, known as the Hamersley 
roll, and also wrapping and parchment paper. He held numerous 
patents in the paper-manufacturing industry. 

Mr. Hamersley had been a member of the A.S.M.E. since 1919. 
He belonged to the Hollywood (Calif.) Athletie Club. Swimming 
and motoring were his chief recreations. His wife, Katherine (Me- 
Closkey) Hamersley, predeceased him. His nearest surviving rela- 
tive is a nephew, Arnold G. Hamersley, sales representative of The 
Hamersley Manufacturing Company in Philadelphia, Pa. 


FRANK WELLAND HARDING (1855-1938) 


Frank Welland Harding, retired, a member of the A.S.M.E. since 
1S96, died at the General Hospital in Montreal, Canada, on Septem- 
ber 29, 1938. Surviving him are his widow Ella (Schick) Harding, 
whom he married in Massillon, Ohio, in 1886, and two sons, C. How- 
ard Harding, of Kitehener, Ont., Can., and Paul S. Harding, of 
Toronto. 

Mr. Harding was born in Lewiston, N.Y., on June 20, 1855, the 
son of Adam and Anna (Pletcher) Harding. After completing his 
studies at the local schools he began an apprenticeship in Canton, 
Ohio, where he served from 1873 to 1876 with Charles Ek. Roper, the 
Aldine Chromatic Printing Press Company, and the Canton Steel 
Company. From then until 1883 he worked in some fifteen different 
shops for experience and training, as a substitute for a more formal 
technical education. 

In 1883 Mr. Harding became toolroom foreman for Russell & Co., 
Massillon, and three years later foreman of the company’s automatic 
and farm engine department. Leaving this position in 1889 he went 
to Buffalo, N.Y., to serve as general foreman for the John T. Noye 
Co. In 1891-1892 he was master mechanic at the Cleveland Rubber 
Works of the Mechanical Rubber Company, of New York, then was 
transferred in the same capacity to the eastern factories of the com- 
pany, the New York Belting & Packing Co., at Passaic, N.J., where he 
remained until 1908. During the next two years he was connected 
with the Quaker City Rubber Company, Philadelphia, Pa., as de- 
signing engineer and builder of their new factory, after which he re- 
turned to Massillon to become superintendent of the Russell Engine 
Company. 

From 1907 until his retirement in 1922, Mr. Harding was consult- 
ing engineer for the fifteen factories of the Canadian Consolidated 

tubber Co. Ltd. During this time he designed and built the Do- 
minion Tire Factory at Kitchener, the Mechanical Rubber Factory 
at Montreal, the Rubber Regenerating Plant, also at Montreal, and 
the plant of the Rubber Machinery Company, at Kitchener, in addi- 
tion to remodeling and modernizing many rubber factories and steam 
plants. 

Mr. Harding initiated and worked out many new ideas, saving 
steam on presses and vulcanizers, fuel in steam plants, and labor by 
such machines as an automatic spreading and folding machine for 
carriage cloth, jar-ring cutting machines, hose-making machines, 
molded-goods trimming machine (developed in 1892, the first machine 
of its kind), belt-making machine, emery-wheel testing apparatus, 
air-brake hose-making machine, deresinating plants for guayule and 
gutta percha, cloth-insertion tubing machine for bicycles, and an 
automatic whiting drier. In 1t892 or 1893 he designed the first 
safety trip on rubber mills, whereby a man caught in the rolls could 
stop the machinery himself. It was easy for him to visualize the 
working of a new machine or a layout for a new building which would 
permit an efficient flow of work, and he was able to transeribe his 
ideas into drawings and specifications and to see the plans through 
to completion. 
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Although his work was his chief interest—and through his ability 
coupled with perseverance and long hours he achieved a notable de- 
gree of success in it—-he found time to write articles for several house 
organs reflecting his philosophy on thrift, fear, health, and other 
topics. He was interested in astronomy, and enjoyed fishing in 
mountain lakes and the sea. He was a Mason, Knight Templar, 
and Shriner, and an active member of Karnak Temple, Montreal. 
for many years. 

After his retirement in 1922 and until the year of his death, Mr. 
Harding was fortunate in having excellent health and a happy ‘“‘even- 
ing of life; spending, with his wife as partner, his winters at St. 
Petersburg, Fla., and the summers at his summer home, pleasantly 
situated in four acres of wooded land on one of the many beautiful 
lakes in the Adirondack Mountains, at Mountain View, N.Y. This 
change of scene each six months permitted taking full advantage of 
the outdoor life which he liked so much, gardening, fishing, boating, 
and the various outdoor club activities for older men at St. Peters- 
burg, and thus kept up his interest in life until the last. 


SAMUEL PHILLIP HERTZLER (1882-1938) 


Samuel Phillip Hertzler, chief engineer for B. Floersheim & Co., 
Pittsburgh, Pa., was instantly killed on April 19, 1938, in a fall at 
the Southside Warehouse of the company. 

Mr. Hertzler was born at Mechanicsburg, Pa., on September 24, 
ISS2, son of Amos E. and Elizabeth (Zeigler) Hertzler. He prepared 
for college at the Carlisle (Pa.) High School, and took an engineering 
course at The Pennsylvania State College, securing a B.S. degree in 
1905. During the next four years he was employed as mechanical 
engineer by the Pittsburgh Valve Foundry & Construction Co., de- 
signing, detailing, and estimating. From 1909 to 1913 he was chief 
engineer for the Pittsburgh Gage & Supply Co., in charge of all en- 
gineering and construction work. During these years he had charge 
ofthe design of a complete line of iron body gate valves, both standard 
and extra heavy patterns from 2'/2 in. to 16 in., inclusive, together 
with the design of special jigs and tools for manufacturing them. 
He also designed an automatic self-closing water gage; automatic 
gage cocks; oil filters, oil-filtering systems and accessories; a complete 
line of exhaust heads; a washing machine which was the forerunner 
of the “Gainaday”’ later manufactured by the company; and rede- 
signed a complete line of steam and oil separators. Piping layouts 
for boiler and power plants up to 7000 hp in capacity were made 
under his supervision, and he also directed the manufacture of all 
piping equipments in the shops and their erection in the various 
plants of the company. 

In 1913 Mr. Hertzler became mechanical engineer for the Best 
Manufacturing Company, Oakmont, Pa., in charge of the Engineer- 
ing Department, and two years later was made superintendent of 
construction in charge of plant and field work. This company, which 
later became the Kennedy-Stroh Corporation, manufactured valves, 
fittings, steam specialties, piping equipments, and stone crushers. 
In addition to his responsibilities in design and construction work for 
the Best company itself, Mr. Hertzler acted in an advisory capacity 
with various other companies in designing equipment for boiler- 
houses and power plants. 

Mr. Hertzler entered the employ of B. Floersheim & Co., general 
power piping contractors, in 1916 as chief engineer in charge of esti- 
mating, designing, production, and supervision of field work. <A 
good deal of his time was devoted to helping prospective customers 
make layouts of boiler and power-plant machinery and accessories, in- 
cluding piping layouts. He became a member of the A.S.M.E. in 
1919. 

Surviving Mr. Hertzler are his widow, Pearl (Pickard) Hertzler, 
whom he married in 1907, and four daughters, Mrs. Mildred Hissom, 
Mrs. Margaret Jameson, Mrs. Anne Sander, and Mrs. Jessie Peat. 


THEODORE JAMES HOLLENBERGER (1885-1938) 


Theodore James Hollenberger, heating and ventilating design en- 
gineer for the Board of Education of Chicago, Ill., died at Galesburg, 
Ill., on July 16, 1938, of a streptococci infection of the blood stream. 
Accompanied by his wife and a nurse, he was returning by train from 
Colorado Springs, where he had gone because of his illness. 

Mr. Hollenberger was born in Whitewater, Wis.. on August 4, 
I885, son of Theodore C. and Virginia F. (Lane) Hollenberger. 
The family moved to Chicago when he was twelve, and he prepared 
for college at the Lake View High School of that city. At Sibley 
College, Cornell University, where he matriculated with the Class of 
1909, he specialized in heating and ventilating engineering. After 
securing his M.E. degree, he began work at the Chicago plant of the 
Midland Linseed Company and for several months was engaged in 
remodeling the boiler plant and serving as operating engineer. 
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From October, 1909, to March, 1910, he was employed by the In- 
ternational Harvester Company, Akron, Ohio, developing a sensitive 
Prony brake for automobile-engine tests and directing final inspection. 
He then returned to Chicago, where for several years he was me- 
chanical engineer for the Illinois Engineering Company, steam-heating 
engineers. He designed new and surveyed and remodeled old, heat- 
ing systems and power plants. In 1913 he became associated with 
I. D. Hornbrook, contractor, of Kansas City, Mo., and for about two 
years served as his personal representative. He had charge of erect- 
ing the heating and ventilating, temperature-regulation, and refrig- 
erating systems in the Kansas City Union Passenger Station, and 
supervised other work. 

Mr. Hollenberger first became connected with the Chicago Board of 
Education in 1915, as draftsman in the chief engineer's office, design- 
ing and drafting plans for heating and ventilating systems for school 
buildings. In 1917 he went to Ridgway, Pa., as consulting engineer 
for the Central Leather Company. Here he was responsible for re- 
vising heating systems and providing for an economical distribution 
and use of steam in ten tanneries. 

He returned to the Chicago Board of Education, Architect's Of- 
fice, in 1918, wit: the title of mechanical designing engineer. He was 
appointed assistant chief designing engineer in 1924, and heating 
and ventilating design engineer on May 1, 1926, and was actively en- 
gaged in the design and installation of heating and ventilatingsystems 
and mechanical equipment for the Chicago schools until a few months 
before his death. 

Mr. Hollenberger joined the A.S.M.E. as a junior member in 1912 
and was’ promoted to the grade of member in 1925. He belonged to 
Chicago Council No. 1 of the Universal Craftsmen Council of En- 
gineers, the Cornellian Council of Cornell University, the Congrega- 
tional Church, and the Masonic fraternity. He married Marjorie 
Long, of Chicago, in 1923. His parents and a sister also survive 
him. 

CHARLES SUMNER HOWE (1858-1939) 


Charles Sumner Howe was the second president of the Case School 
of Applied Science, Cleveland, Ohio. At his death on April 18, 1939, 
he was president emeritus, living in North Amherst, Mass., where 
he had retired at the end of the college year in 1929. 

A New Englander by birth and training, President Howe combined 
firmness with kindliness, and a fine sense of duty with a spirit of 
helpfulness. He brought dignity and impartiality to his executive 
work and thoroughness and scholarship to his teaching. These 
qualities he sought to develop in the institution he served, for he wa: 
ever trying to stimulate the best teaching and to provide the neces- 
sary equipment for his faculty. He was willing to give a large meas- 
ure of responsibility to the heads of the several departments; he 
also kept in touch with the younger men on the various staffs. 

President Howe joined the faculty of Case in September, 1889, as 
professor of mathematics, coming from Buchtel College (now the 
University of Akron, Ohio), where he hac ‘aught for five years. To 
his chair was soon added the work in astronomy. In 1902 President 
Cady Staley resigned and Charles 8. Howe was appointed acting 
president, an appointment that was made permanent the following 
vear. He was inaugurated as president on May 11, 1904, when he 
delivered an address, which was characteristic of his thinking, on 
the subject, ‘‘Does a Technical Course Educate?”’ For twenty-seven 
years he guided the destinies of the Case School of Applied Science, 
the formative years of its history, when it took its place among the 
internationally recognized engineering colleges. The original high 
quality of scholastic work was maintained, a large place in the civic 
life of the growing industrial city of Cleveland was secured, and an 
expansion of plant and resources was achieved. Six new buildings 
were added to the school and much expensive equipment bought, 
such as one of the most accurate Riefler clocks ever made, a Rue- 
precht precision balance, a Foucault pendulum, a Warner and 
Swasey equatorial telescope, and many other pieces of apparatus. 
A site for a surveying camp was selected and maintained, with pro- 
vision made in the curriculum for instruction, first called a Practice 
Term. Scholastic cooperation with Western Reserve University, 
whose campus adjoins that of Case, the establishment with Western 
Reserve University of an evening division pioneering in adult educa- 
tion, and cordial relations with the several high schools of Greater 
Cleveland, were also parts of President Howe’s accomplishments, 
through and for Case. 

Personally, President Howe made a large place for himself in the 
city life. He was twice elected president of the Chamber of Com- 
merce, presiding with eminent fairness in the days of the bitter street- 
railway controversy. He was chairman of a committee that formu- 
lated the plan for technical high schools as a part of the city educa- 
tional program. He was a member of a commission that planned the 
Superior-Detroit high-level bridge and of the Cleveland River and 
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Harbor Commission. He was president. of the Cleveland Welfare 
Federation and Cleveland Humane Society. In church life he took 
an active part in the Euclid Avenue Congregational Church and the 
denominational city-wide enterprises. He was president of the New 
England Society of Cleveland and the Western Reserve. Inevi- 
tably he made friends with the leaders of the city’s life in all the pro- 
gressive and character-building activities. 

Educationally, President Howe had-many interests beyond his own 
institution and city. He was an early member of the Society for the 
Promotion of Engineering Education and its president in 1907-1908 
and always an active leader on its committees. He had been a 
member of the A.S.M.E. since 1915. He was a Fellow of the Royal! 
Astronomical Society and of the American Association for the Ad- 
vancement of Science; he served as secretary of Section A, on Mathe- 
matics and Astronomy, of the A.A.A.S. in 1902, and as vice-president 
of Section D, on Engineering, in 1911. He was a member of the 
American Mathematical Society, a member of the American Astro- 
nomical Society, a past-president of the Ohio Association of the Teach- 
ers of Mathematics and Science, a member of the National Educa- 
tion Association, and a past-president of the Cleveland Engineering 
Society. He was awarded a distinguished service medal by the 
Cleveland Chamber of Commerce. 

Charles Sumner Howe was born on September 29, 1858, at Nashua, 
N.H., son of William Ramsdell and Susan Dorcas (Woods) Howe. 
He prepared for college at the Franklin (Mass.) High School, living 
on a farm about two miles from town. His college work was taken 
at the Massachusetts Agricultural College (Boston University), 
where he specialized in chemistry. After receiving the degree of 
B.S. in 1878 he returned the next year for courses in mathematics and 
physics. In the fall of 1879 he served for a short time as principal of 
the High School in Longmeadow, Mass., but soon resigned to spend 
the remainder of that college year and the whole of the next as a 
member of the faculty of Colorado College, combined with instruc- 
tion in mathematics and science at Albuquerque Academy. Here he 
was drawn into some assaying for mine prospectors and later went to 
Prescott, Ariz., to continue in that work. The year 1882-1883 was 
spent in graduate study at The Johns Hopkins University. Then 
came the call to teach mathematics in Akron, Ohio. While in Akron 
he completed his studies for the doctorate, securing his Ph.D. at 
the University of Wooster, Wooster, Ohio, in 1887. At Akron he 

‘ted astronomy to his subjects and did valuable research work in 

at department. 

Vresident Howe was a Mason and a Knight Templar. His frater- 
uities were Phi Sigma Kappa, Phi Kappa Phi, Sigma Phi, Sigma Xi 
(of which he was president in 1915-1916), and Tau Beta Pi. He 
was the recipient of the following honorary degrees: Se.D., Armour 
Institute of Technology, 1905, and Massachusetts State College, 
1931; D.Eng., Case School of Applied Science, 1929; LL.D., Mount 
Union Coilege, 1908, Oberlin College 1911, and Western Reserve 
University, 1924. 

President Howe married twice; his first wife, whom he met when he 
was # student in Amherst, was Miss Abbie A. Waite. She died in 
June, 1924. Three sons, William C., Francis E., and Erle W., sur- 
vived their father, and a daughter died in infancy. Upon retirement 
from Case, President Howe made his home in North Amherst, where 
in September, 1929, he married Mrs. Ida FE. Puffer, who had been « 
life-long friend of both himself and his first wife. She died in the 
December preceding President Howe's death. 

President Howe was the author of several articles, but published no 
books.—[Memorial prepared by Karu O. THompson, Professor of 
English and Secretary of the Faculty, Case School of Applied Science, 
Cleveland, Ohio. | 


HERBERT WILLIAM HULSMAN (1907-1939) 


Herbert William Hulsinan, whose death occurred on October 14, 
1939, was born in Chicago, Ill., on October 12, 1907, son of William 
Frank and Pauline Augusta (Mons) Hulsman. He attended the 
Morgan Park Military Academy, Chicago, and then entered the 
Lewis Institute of Technology, where he was graduated in June. 
1931, with a B.S. in M.E. degree. He then went to the University 
of Michigan for graduate work and in June, 1933, received the de- 
gree of M.S. in A.E. Mr. Hulsman held odd jobs all through 
his high-school years and paid all his expenses through seven years 
of college. From November, 1926, to September, 1931, he was em- 
ployed by the Chicago Rapid Transit Company, Chicago, as night- 
run conductor in the Train Service (North Side) Division and in 
other operations. From September, 1932, to August, 1934, he en- 
gaged in wind-tunnel research in the Aeronautical Engineering De- 
partment of the University of Michigan, making commercial tunne! 
tests for several leading manufacturers of aircraft. 

In August, 1934, Mr. Hulsman received an appointment to the 
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U.S. Navy as instructor-pilot on all types of both land and sea naval 
planes, rated as naval aviator, with the rank of ensign, U.S.N.R., 
and stationed at the U.S. Naval Air Station at Pensacola, Fla. Follow- 
ing his naval service, which terminated in 1937, he was employed for 
about six months by Transcontinental & Western Air, Inc., flying on 
their western lines. He then became a pilot for the United Air Lines 
and flew out of Chicago for this company for approximately four 
years. His experience and value to the line was recognized during 
his service by his appointment as test pilot for the Cheyenne shops. 
In addition to his regular transport work, he made all check flights on 
airplanes which were repaired or overhauled at this main western 
base of the company. The position entailed great responsibility 
and scientific contributions, since his work required the keen judg- 
ment of both an outstanding pilot and a technical expert. 

During his service with the United Air Lines, Mr. Hulsman was an 
active member of the U.S. Naval Reserve, with the squadron of that 
organization based at the Great Lakes Naval Training Station near 
Chicago. He was still a member of the Naval Reserve at his death. 

He resigned from the United Air Lines in August, 1939, to accept 
a position as test pilot with the Seversky Aircraft Corporation, at 
Farmingdale, L.1., N.Y. (now ‘he Republic Aviation Corporation). 
He met his death while carrying out a routine test flight, when the 
airplane overturned after landing on rough terrain. 

Mr. Hulsman was a member of the A.8.M.E. Student Branch while 
attending the Lewis Institute of Technology, and following his 
graduation transferred to junior membership in the Society, in 1932. 
He was also a junior member of the Western Society of Engineers 
aud a member of lota Alpha, honorary society for graduate research 
at the University of Michigan. He was unmarried. He is survived 
by a brother, Walter F. Hulsman, and a sister, Flora (Mrs. C. J.) 
Andersen. 


ARTHUR LUTHER HUMPHREY (1860-1939) 


It is not to be wondered at that the mechanical engimeers who re- 
ceived their practical training in this country, even as recently as the 
latter part of the past century, came from the workshops and indus- 
tries of the East, and particularly from) New England. Nor is it 
strange that most of that small number of mechanical engineers who 
did get their start in the West, and especially west of the Missouri 
River, came up through the railroad and mining industries. Of this 
small group Arthur Luther Humphrey was one of the most prominent. 

The greater part of his early career was in the mechanical depart- 
ments of newly built railroads or railroads in the course of building, 
and he also had interesting but limited experiences in the mining field. 
After spending more than a quarter of a century of his business career 
in the Far West, or at least west of the Missouri River, he came east- 
ward, first to Bloomington, LIL., as a railroad officer, and then into the 
railway-supply industry, for a short time at Chicago, and finally on 
to Pittsburgh, where he occupied a long and prominent position of 
industrial leadership. 

The hardships of his boyhood life on an Lowa farm and his railroad 
and mining experiences on the frontier, helped to develop a quiet 
determination that faced into the most severe trials, physical or other- 
wise, without flinching. He worked with his men and they followed 
him loyally, beeause he led the way where dangers or unusual diffi- 
culties were to be encountered. Always tactful, his experiences of 
almost eight years in Colorado politics during the trying regime of 
Gov. David H. (‘Bloody Bridles’) Waite, and when free silver and 
Populism were the issues, served to make him even more diplomatic 
and suecessful in dealing with people, whether in industry or civic 
life. 

Arthur Luther Humphrey came of English ancestry. Just when 
the Humphreys arrived in this country is not known. It is recorded, 
however, that an Arthur Humphrey, from Boston, settled in what is 
now known as Woodstock, Mass., in April, 1686. His second son was 
named Ebenezer, and one of Ebenezer'’s sons, Arthur, started a line 
of Arthurs which has come down to the present day. The subject of 
this sketch marked the sixth generation of the family in this country 
and the fifth Arthur Humphrey, the line of Arthurs being broken 
only by Ebenezer. Little is known about the ancestry of his mother, 
Huldah Oreutt, who was born in Hornellsville, N.Y. 

Mr. Humphrey was born on June 12, 1860, near Holland, Erie 
County, in the western part of New York State. His family migrated 
to a farm near Maquoketa, Jackson County, lowa, when he was only 
six months old. He had the misfortune of losing his mother when he 
Was ten years old—a grave misfortune under normal conditions, but 
even more so on an isolated farm in a pioneer country. He attended 
a country school several miles distant. At the age of fourteen, in 
April, 1874, he traveled alone by railroad to Plattsmouth, Neb., to 
live with his oldest sister, Eliza. There he attended three full terms 
of school, but unfortunately his sister and her husband did not long 
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remain in Plattsmouth and Arthur slept in the back room of a drug 
store, where he was employed during his spare time. He worked on a 
farm during the summers. 

It was in this period of his life that we first find recorded evidences 
of his liking for things mechanical. The drug store in which he 
worked had had a generator for charging soda water. It got out of 
order, and since no one was available who could make the necessary 
repairs, it was consigned to the basement. Thereafter it was found 
necessary to have soda water shipped from Omaha. Arthur dis- 
covered the discarded generator and at night time, and possibly to the 
neglect of other things, set out to find what was wrong and repair it. 
He finally sueceeded—succeeded so well, in fact, that the drug stores 
at Plattsmouth no longer found it necessary to send to Omaha for 
their soda-water supply. 

Dr. R. R. Livingstone, chief surgeon of the Burlington & Missouri 
River R.R., frequented the drug store for filling his prescriptions. 
Impressed by Arthur’s mechanical ingenuity, he discouraged him 
from trying to become a pharmacist and suggested that he apply for 
an apprenticeship in the mechanical department of the railroad. 
It required considerable persistence on young Humphrey's part to get 
the job, but he finally started work as a machinist apprentice in the 
summer of 1877. The pay for the first year was only 50 cents a day 
and during the second year 75 cents. 

Obviously he could not live on his wages. He made an arrange- 
ment to sweep the drug store in the morning and work in the evening 
in exchange for his room. The local hotel gave him his meals in ex- 
change for meeting and assisting passengers on the late trains to and 
from the depot. Certainly it was not an easy life for a boy in his 
teens. The shop superintendent saw to it that he received a thorough 
training in all sorts of shop work and he was also given some experience 
in firing locomotives. 

He started work as a full-fledged machinist with the Union Pacific 
Railroad at Rawlins, Wyo., January 3, 1879. This was in the heart 
of the Indian country on the frontier, and young Humphrey saw 
plenty of the ‘‘Wild West” in its rawest stages. 

When hardly out of his teens he was promoted to gang foreman. 
A few of the older men resented a youngster being placed over them 
and here we find evidences of the tact and diplomacy which proved 
so valuable in his later life. In spite of ali he could do, however, a 
showdown became necessary. Young Humphrey, armed with a piece 
of gas pipe, drove the toughs out of the shop, and it was they and 
not the ‘‘kid gang boss’’ who beat it out of town in a hurry. 

Train wrecks were frequent occurrences on the frontier in those 
days, and Arthur saw plenty of emergency duty on the road in the 
vicinity of Rawlins. Not finding much opportunity for further 
immediate advancement, he left Rawlins, May 1, 1881, and went to 
the West Coast. 

Unable to secure a position with the Central Pacific Railroad at 
Sacramento, he started work in a shop in which mining machinery was 
manufactured. A little later he was giver. the opportunity of going 
to Shingle Springs, in Eldorado County, seven miles from Placerville, 
to look after the machinery in a gold mine. The mine had been closed 
for several years and he found it in a most deplorable conditien. It 
was necessary to get the hoisting engine, pumping plant, and stamp 
mill in operation. Although he had no experience in this field, he 
succeeded, with such a force as he was able to assemble, in draining 
the mine and getting it into operation more quickly than anticipated 
and at one-quarter of the estimated cost. After several months’ 
operation it was found that the ore was not of a sufficiently high 
grade and the mine was closed. 

Mr. Humphrey then went on to Seattle, where he was employed by 
the Washington Iron Works, manufacturers of steamboat, sawmill, 
and mining machinery, but after a few months of observation he 
secured a couple of partners and started a machine shop and foundry 
business. Things went well for a while, but his working partners 
could not stand prosperity and he sold out his interest, putting the 
proceeds into real estate on Bellingham Bay. For a while he worked 
as a loecmotive engineer for the Puget Sound Shore Railroad. 

We next find him in the spring of 1882 working with the Central 
Pacific Railroad at Sacramento as a machinist. Shortly afterward 
he was made division foreman on that part of the road which was 
being built across the Mojave Desert to Needles, Calif. His head- 
quarters were at Needles and he had charge of the building of the 
shops and the mechanical operations on the 242-mile division. There 
were no houses at Needles and the temperature was so high during 
the summer season, often as high as 110 at night, that they slept on 
top of the cars. The situation was complicated by some “horrible 
blood-curdling experiences."’ These included a scourge of Asiatic 
cholera, the nearest medical aid being at Los Angeles, 352 miles dis- 
tant. They also included difficulties with the Mojave Indians, which 
required the exercise of much tact and a firm and brave stand on the 
part of Mr. Humphrey. 
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In July, 1888, he went with the Colorado Midland as master me- 
chanic; the road was then'in the course of building. It was not 
long before he was made superintendent of motive power; it is be- 
lieved that he was the youngest man in the United States holding 
such a position at that time. 

While stationed at Needles Mr. Humphrey visited a sister at San 
Bernardino, Calif., and there met Miss Jennie Fields, a daughter of 
old Iowa friends. They were married on January 16, 1890. 

Operating conditions on the Colorado Midland, which crossed 
the Continental Divide, were exceedingly difficult. Grades were 
steep and the curves sharp in this mountainous territory. As a 
result wrecks, runaways, and derailments were frequent. 

The winter of 1897—1898 was unusually severe. A blizzard started 
on the first day of January and the heavy snowfall, severe cold, and 
avalanches made railroad operations impossible; indeed, it was not 
until the afternoon of April 14 that the track was sufficiently clear 
to let the first train pass over it. Meanwhile, Mr. Humphrey was in 
the thick of the fight, desperately trying to open up the road. He 
lived with the rotary and for a period of 24 days did not have his 
clothes off, except for one night when he slept in a bed in the home of 
one of the employees. He was able to get home only once between 
January 2 and April 14. 

The record from his diary sounds much like an epic. ‘‘The sec- 
tion men refused to work; roadmaster prostrated; had to be detained 
in caboose by force (and never regained his health); conductor of 
train became demented and it was necessary also to confine him in 
eaboose under guard. His inclination was to jump over Hell Gate 
precipice. The burden of the work was thrown on the employees of 
the mechanical department, i.e., the engineers and firemen, not only 
to look after restoring the plow (rotary), but to keep four locomotives 
and rotary alive by shoveling snow to the tank for water and cutting 
the necessary wood for fuel.’’, And Humphrey was the driving force 
of the crew. 

The Colorado Midland was one of the few roads on which the 
men remained at work in the general railroad strike in 1894. This 
was largely due to Mr. Humphrey’s understanding of human nature, 
his adzainistrative ability, and the strategy which he devised to secure 
the cooperation of the workers. x 

The political unrest in Colorado in the early 1890's and the Popu- 
list movement stimulated a movement to prevail upon men of stand- 
ing and affairs to accept nominations for political offices. Mr. 
Humphrey was drafted, and after a vigorous campaign was elected as 
a member of the House of Representatives. While his party carried 
the county, the Populists carried the state. His group, however, 
succeeded in preventing extreme legislation. He was re-elected a 
second time and made Speaker of the House in 1895. After eight 
active years in county and state politics, he was defeated as State 
Senator, although he ran far ahead of the rest of the ticket. Ob- 
viously, in a silver state such as Colorado, there was little hope of 
his winning in the year of the Bryan-McKinley conflict. 

That his political experience was not without value is indicated by 
his statement that ‘‘it familiarized me with conventional and parli- 
amentary work that few businessmen ever have the privilege of 
experiencing.” 

His retirement from politics was also influenced by the fact that 
he went with the Colorado Southern on July 1, 1899, as superintendent 
of motive power, making his headquarters at Denver. He remained 
with that road two years, and under much less strenuous conditions 
than in his earlier railroad experience. During this period he was 
responsible for the design and construction of the new Denver shops 
of the Coloredo Southern, at a cost of almost a million and a half 
dollars. 

In 1902 he was made superintendent of motive power of the Chicago 
& Alton, after 28 years of ‘‘a most interesting and adventurous life”’ 
in the far western country. He had seen the passing of the stagecoach 
driver and the ox-team freighter. Passenger trains had taken the 
place of the primitive stage coach, and railroad freight trains were 
being hauled across the country over what was formerly the freight- 
wagon trails, by massive locomotives, covering more space in a day 
than the ox-team of old could in a month. He had seen the old 
prairie dog towns give way to prosperous villages, and homes and 
business blocks take the place of the adobe huts of the Indians. 
Civil law had taken the place of lynch law; in fact, the whole face 
of the country, the civilization, and population had undergone a most 
complete and remarkable change. 

His two years on the Chicago & Alton R.R. were not difficult ones: 
he introduced more effective methods, based upon his successful ad- 
ministration under the more difficult operating conditions in the 
mountain districts. 

On August 1, 1903, E. M. Herr, then general manager of the 
Westinghouse Air Brake Company, persuaded him to leave the rail- 
road and become western manager of that company, with head- 


quarters at Chicago. In June, 1905, he was called to Pittsburgh, as 
general manager, and three years later became vice-president and 
general manager. He was elected as a director in 1913. 

During the first World War the Westinghouse Air Brake Company 
made a remarkable record in the rapid execution of large contracts 
for shrapnel and airplane motors. So great an impression did this 
make on the United States Ordnance Department that Mr. Hum- 
phrey was made special production expert to speed up American 
industries in the production of war materials. 

He was made president and a member of the executive committee 
of his company in 1919 and in 1932 became executive director, re- 
linquishing that position in 1933 to become chairman of the board. 
He held this post until 1936, when he was elected chairman of the 
executive committee, retiring from active service on December 31, 
1938. 

Labor troubles were unknown in the Westinghouse Air Brake 
Company. His keen appreciation of the importance of the human 
element in industry, following closely in the footsteps of George 
Westinghouse in that regard, engendered a splendid spirit of co- 
operation on the part of the employees. His sense of humor, his 
gracious personality, his sound common sense, and the wealth of his 
practical experience endeared him to his associates. He strove to 
work with the men rather than over them. Among his strongest 
convictions was that the time of the highest executive could not be 
spent to better advantage than in the plant, in contact with the em- 
ployees. 

After he became accustomed to his work in the industrial field his 
interests broadened and he became one of the outstanding leaders in 
Pittsburgh and in American industry. He was either an executive or 
director of a number of companies associated with the Westinghouse 
interests, and with financial institutions as well. He served two terms 
as president of the Chamber of Commerce of Pittsburgh in a period of 
unusual activity and was a director of the Chamber of Commerce of 
the United States. Keenly interested in education, he served as one 
of the trustees of the University of Pittsburgh and in 1925 was chair- 
man of the committee which collected a fund for the Cathedral of 
Learning. 

Mr. Humphrey became a member of the A.S.M.E. in 1915 and had 
served the Society on various committees since that time. He was a 
member of the Subcommittee on Railroads of the Meetings and Pro- 
gram Committee from 1915 to 1919 and of its successors, first the 
Professional Committee on Railroads, and later the Subcommittee on 
Meetings and Papers cf the Railroad Division. He was also a 
member of the Boiler Code Committee from its inception until 1920 
and of its Subcommittee on Boilers of Locomotives from 1915 to 
1920. More recently he had served on the George Westinghouse 
Bust Committee, being greatly interested in the effort to secure 
recognition for Westinghouse in the Hall of Fame. 

Mr. Humphrey died on November 1, 1939, in his eightieth year. 
He was survived by his wife, Jennie Field Humphrey, and by two 
sons, Arthur Field and Frederick Dexter Humphrey.— (Memorial 
prepared by Roy V. Wricut, New York, N.Y., Fellow and Past- 
President A.S.M.E. | 


RUSSELL BLAIR HURLBURT (1887-1938) 


Russell Blair Hurlburt, assistant foreign sales manager for the 
Niles-Bement-Pond Company, including the Pratt and Whitney 
Division and the recently acquired Keller Mechanical Engineering 
Corporation, all of West Hartford, Conn., died at his home in New 
Rochelle, N.Y., on July 17, 4938, of streptococci infection of the 
blood stream. 

Mr. Hurlburt was born at Epworth, Iowa, on June 16, 1SS87, the 
son of Rev. Dr. Rollo Franklin and Mary (Blair) Hurlburt. He at- 
tended Cornell College, Mt. Vernon, lowa, for two years before en- 
tering Cornell University, Ithaca, N.Y., and by doing summer work 
secured sufficient credits for an A.B. degree in 1910 and a C.E. de- 
gree in 1912, from Cornell College; an M.E. degree was granted him 
by Cornell University in 1910. While at Cornell University he served 
his class as secretary in the freshman year and president in the 
junior year. He was elected to the Sigma Alpha Epsilon fraternity, 
the honorary societies Sphinx Head and Dunstan, and the Sealp 
and Blade, Aleph Samach, and Gemel Kharm societies. He was on 
the Cornell football and track teams. 

Following his graduation, Mr. Hurlburt served a special student 
apprenticeship at the Pond Works, Plainfield, N.J., the Bement 
Works and Niles Crane Works in Philadelphia, Pa., and the Pratt «& 
Whitney Co., in Hartford, Conn. In 1912 he was appointed sales- 
man in the Cleveland office of the Niles-Bement-Pond Company. 
The following year, he was transferred to the Export Department of 
the Niles-Bement-Pond Company in New York, N.Y., where he re- 
mained until 1917. During 1917-1919 he served as first lieutenant, 
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Ordnance Department, U.S. Army, assigned to inspection of ord- 
nance at the Wisconsin Gun Company, Milwaukee, and North Western 
Ordnance Company, Madison, Wis. He also served on the Mexican 
border for a short time in 1916, and had been a member of the N.Y. 
National Guard, 7th Regiment, Co. A, prior to the World War. 

Mr. Hurlburt resumed his civilian status in 1919, returning to the 
Pratt & Whitney Co., Hartford, a subsidiary of the Niles-Bement- 
Pond Company, and remaining there until about 1926. During the next 
two years he was engaged in the real-estate and insurance business in 
Miami, Fla., as a member of the firm of Sellers and Hurlburt, and in 
1928-1929 was employed as sales engineer in the Philadelphia office 
of the Robert Gair Company. He then was appointed European 
manager for the Niles-Bement-Pond Company and its subsidiary, 
the Pratt & Whitney Co., and later for the Keller Mechanical En- 
gineering Co., when it was acquired by the Niles-Bement-Pond Com- 
pany. In this capacity his duties made it necessary for him to travel 
extensively in all the central European countries and in Russia. In 
1936 he returned to the New York office to become the assistant 
foreign sales manager of the company. 

Mr. Hurlburt became a member of the A.S.M.E. in 1923. He was 
also a member of the Société des Ingénieurs Civils de France. His 
club memberships had included the Export Managers Club, New 
York; American Clubs of Paris, London, and Brussels, and Royal 
Automobile Club of London; Cornell “‘C"’ Club and the Cornell Club 
of New York; Bonnie Brier Country Club of Larchmont, N-Y.: 
Rotary and Advertising Clubs of Hartford; and the Men's Club of 
the North Avenue Church of New Rochelle. He belonged to the 
American Legion and was a former member of the Legion of Foreign 
Wars, Paris, and American Legion in Paris. 

Mr. Hurlburt married Amy Budd Chapman in 1916, and is sur- 
vived by her and their two children, Janet Chapman and Russell 
Blair, Jr. 


GEORGE WALTER ISBELL (189z 1939) 


George Walter Isbell, whose death occurred on April 10, 1939, was 
born in New Haven, Conn., on October 16, 1892, son of Revillo 
Frank and Mary Theresa (Voltz) Isbell. He attended public schools 
in New Haven and then entered the Sheffield Scientific School of 
Yale University, taking the mechanical-engineering course; he was 
graduated in 1914 with a Ph.B. degree. 

During his summer vacations, in high school and college, Mr. Is- 
bell worked for the Winchester Repeating Arms Company, New 
Haven, on various machines and in connection with piecework ac- 
counting, and similar work. Following his graduation he secured a 
position as junior industrial engineer with Miller, Franklin & Co., 
Inc. (later Miller, Franklin, Bassett & Co., Inc.), New York, N-.Y., 
with whom he spent three years, assisting in the development of 
piece rates, cost systems, and planning departments for their clients. 

He left this position to enlist in the United States Army shortly 
after the declaration of war with Germany in 1917. He was com- 
missioned first lieutenant, ordnance, in June and promoted to a cap- 
taincy about a year later. He served at the Springfield (Mass.) 
Armory and in the district ordnance office at Philadelphia, Pa., un- 
til September 1, 1918, when he chose to resign his commission in the 
Ordnance Department and enlisted in the infantry, desiring active 
service. He attended the Central Officers’ Training School at Camp 
Lee until shortly after the armistice, when he was discharged. 

From April to August, 1919, Mr. Isbell engaged in truck tire sales 
and sales promotion work for the B. F. Goodrich Rubber Co., under 
their New York Office. He then had an opportunity to return to 
industrial engineering work with the du Pont Engineering Company, 
of Wilmington, Del. He was assigned to a factory expansion program 
for the General Motors Corporation. Business conditions caused the 
abandonment of this program the following year and Mr. Isbell was 
again employed for a time by the Winchester Repeating Arms Com- 
pany. 

In 1921 Mr. Isbell began a period of about thirteen years with the 
Chas. E. Bedaux Co. in the application of the Bedaux principle of 
measuring human effort, bringing about the reduction of manufactur- 
ing costs through increased output per operating hour, improved 
layout, and control of loss of time. His major assignments included 
the Eastman Kodak Company and its affiliated organizations, which 
he served at plants in Rochester, N.Y., Toronto, Canada, and Har- 
row-Wealdstone, England; David Lupton’s Sons Co., Inc., and 
Henry Disston & Sons, Inc., Philadelphia; Campbell Soup Company, 
Camden, N.J.; and du Pont Dyeworks, Penns Grove, N.J. Other 
Opportunities of advancement offered him by the Bedaux company 
in England and the United States were declined by Mr. Isbell, who 
wished to seeure work involving less traveling. He resigned from 
the company in 1933 and spent some months in a special study of 
Yield from raw materials for the Campbell Soup Company. He then 
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took the position of chief engineer for Industrial Management En- 
gineers, Inc., New York, N.Y., which he held until shortly before his 
death. He was in charge of field operations, directing the work of 
resident engineers in plants of the Diamond Match Company in the 
United States and Canada. 

Mr. Isbell’s work for all of the companies with which he was as- 
sociated was highly regarded. He was said to have the ability to 
win the cooperation of both management and labor and the knowl- 
edge of manufacturing procedure essential to bringing about the 
improvements he sought. 

Mr. Isbell was elected an associate-member of the A.S.M.E. in 
1922 and was promoted to the member grade in 1930. He allowed 
his membership to lapse in 1936, but was reinstated in April, 1939. 

He belonged to Christ Church (Episcopal), New Haven, the Yale 
Engineering Association, and Alpha Chi Rho fraternity, and had 
attained the 32nd degree in the Masonic order. He married Lottie 
Estelle Large, of North Tonawanda, N.Y., in 1924, and is survived 
by her and their two children, George Mitchell and Carolyn Isbell. 


EDMUND MASTERS IVENS (1885-1938) 


Edmund Masters Ivens was born in New Orleans, La., on May 8, 
1885, and died in that city on September 13, 1938, of a heart attack. 
He was the son of Harry Kersey and Rosa Farrar (Jewell) Ivens. 
After completing his preparatory work in New Orleans public schools, 
he entered Tulane University, where he obtained a B.E. degree in 
mechanical and electrical engineering in 1907 and M.E. degree in 
1910. 

Following his graduation in 1907 he served as assistant manager of 
the New Orleans office of the Harris Air Pump Company, Walsh & 
Weidner Boiler Co., and Skinner Engine Company, selling, installing, 
and testing the equipment manufactured by these companies. He 
continued in the design, erection, testing, and sales of municipally 
and privately owned electric light and water works plants for the 
Skinner Engine Company and Ingersoll-Rand Company for many 
years, until ill-health made it necessary for him to retire in 1932. 

Mr. Ivens was the author of a book on *‘Pumping by Compressed 
Air,”’ published by John Wiley & Sons in 1914 (second edition in 1920), 
and of various articles published in Power. A paper on ‘‘Tests Upon 
Compressed-Air Systems of Oil Wells’’ was published in the A.S.M.E. 
Transactions for 1909. He had been elected a junior member of the 
Society the previous year and was promoted to the grade of member 
in 1917. He belonged to the Round Table Club in New Orleans and 
was a Mason. 

Surviving Mr. Ivens are his widow, Sue Cheatham (Graham) 
Ivens, whom he married in 1910, and their daughter, Mrs. Woolen 
Hands Walshe. 


WILLIAM HAMPDEN JENKS (1852-1938) 


William Hampden Jenks was born en October 5, 1852, in Brook- 
ville, Pa., where he engaged in the foundry and machine-shop busi- 
ness for nearly sixty years and where he died on March 13, 1938, 
from chronic myocarditis. He was the son of William Palmer Jenks, 
judge of the Eighteenth Judicial District of Pennsylvania, and Sara 
Catherine (Corbet) Jenks. 

He secured his engineering education in the Sheffield Scientific 
School of Yale University, taking the mechanical-engineering course. 
He won several scholastic awards, was a member of his class baseball 
team in his junior year, and president of his class in the senior year. 
He obtained a Ph.B. degree in 1873 and continued his studies for an 
M.E. degree, which he received in 1875. 

Prior to entering business for himself he had some shop and draft- 
ing-room experience with the Neafie & Levy Shipbuilding Co., Phila- 
delphia, Pa., Brown, Son & Co., Brookville, and Andrew Hartupee, 
Pittsburgh, Pa. In 1877 he became a partner in the firm of Brown, 
Roth & Jenks, Brookville. Their shop was destroyed by fire not 
long afterward. Mr. Jenks’ and his father purchased the interests 
of the other members of the partnership and the business was re- 
established as ‘‘William H. Jenks, Iron Founder and Machinist.” 
He retired in 1935, selling the business to the Brookville Locomotive 
Company. 

A nephew, Allan E. Hall, manager of the Milling Machinery De- 
partment of the Allis-Chalmers Manufacturing Company, Mil- 
waukee, Wis., who was associated with him in business for a number 
of years prior to 1907 and in close touch with him during the re- 
mainder of his life, said of him: 

‘*Mr. Jenks was an exceptional mathematician and an able me- 
chanical engineer. He developed improvements in inertia governors 
for steam engines aud built a few single-valve automatic engines with 
his governors. This was done rather earlier than an inertia governor 
was generally recognized. Two or three patents of his along this 


& 
«) 
« 
14, 
5 
A 
ite 
ff 
fox 
ae 
a 


RI-66 TRANSACTIONS OF THE A.S.M.E. 


line are dated about 1889. Later, as the small steam engine was being 
supplanted by the internal-combustion engine, and as we lived in a 
natural gas territory, he built and sold a few horizontal gas engines 
with vertical valves, and a positive operation of the inlet as well as 
the exhaust valve. At that time (about 1898 to 1900) many small 
gas engines were made with horizontal valves, or with suction opera- 
tion only of the inlet valve. Due to lack of capital and unwillingness 
to risk outside capital in the effort to develop a large business, Mr. 
Jenks was handicapped during his business career. The machinery 
he built was always of the best possible quality and embodied ad- 
vanced ideas, as stated; but the volume of his business was always 
small. 

‘“‘Mr. Jenks was a sound-money Democrat during the silver craze 
and wrote newspaper articles against Bryan and the free-silver theory. 
He belonged to the Reform Club of New York from 1896 to 1904.” 

Mr. Jenks had been a member of the A.S.M.E. since 1889. He 
joined the First Presbyterian Church, Brookville, when he was six- 
teen and had been one of its elders since about 1890. He was un- 
married. His closest surviving relative is a sister, Miss Carrie Jenks, 
of Brookville. 


CHARLES WATSON JEWELL (1854-1939) 


Charles Watson Jewell, who retired from active participation in 
engineering in 1924, died on May 15, 1939, in Ozone Park, L.I., N.Y., 
where he had resided for many years. 

Mr. Jewell was born on September 17, 1854, at Kiskatom N.Y., sca 
of Peter and Mary (Stewart) Jewell. He attended public schools in 
Albany and Troy, N.Y., until fourteen years of age, when he became 
an apprentice machinist at the West Albany shops of the New York 
Central Railroad. During part of his four years there he also took 
private lessons in mechanical drawing. 

In the five years following the completion of his apprenticeship 
Mr. Jewell had a varied experience as machinist in the East and Mid- 
west. He worked for the Clapp & Jones Manufacturing Co., builders 
of fire engines, Hudson, N.Y.; the Rensselaer & Saratoga Branch of 
the Delaware & Hudson Canal Co., at the shops in Troy; Starbuck 
Brothers, Troy; the George Dickey machine shops, Racine, Wis.; 
the Chicago & Alton R.R. shops in Bloomingdale, Ill. He was fore- 
man of the Dayton & McDougals Works, Wabasha, Minn., for a 
time, and steamboat engineer on Mississippi River towboats and on 
Wilson Line steamships on the Hudson River. 

For a part of 1875 he was in South Carolina, at the Charleston 
Iron Works, and later he returned to that state and was employed 
there and in Georgia until 1900. For some years he was with the 
Coosaw (S.C.) Mining Company, serving in various capacities, up 
to the position of chief engineer and master mechanic. For about 
two years he was superintendent of dredge mining for the Savannah 
(Ga.) Tow-Boat Company, and for a shorter period, chief engineer 
of the Ross & Sanford Dredging Co., Brunswick, Ga. During his 
last ten years in the South he served successively as chief engineer 
of the Farmers Mining Company, Beaufort, 8.C., Pacific Guano 
Company, Bull River, S.C., and Baldwin Fertilizer Company, 
Beaufort, engaged chiefly in phosphate mining and related work for 
these companies. 

The third period of Mr, Jewell’s work was in New York and 
vicinity. From 1900 to 1902 he was erecting engineer for C. W. 
Hunt & Co.; 1902-1906, chief engineer and master mechanic for the 
Westinghouse Lamp Company. Then began a term of about eleven 
years with the Department of Water Supply, City of New York. 
He served as inspector of construction of boilers, pumping engines 
and pipe lines, and when not engaged in that capacity acted as operat- 
ing engineer. In 1917-1919 he engaged in machine-shop work in 
New York, and during the next two years was engineer on steamships 
and towboats in that vicinity. From then until his retirement in 
1924 he was operating engineer for the Woodhaven Water Supply 
Company, Woodhaven, L.I. 

Mr. Jewell became a member of the ‘“A.S.M.E. in 1893. He be- 
longed to the Masonic order and the Knights of Pythias. His wife, 
who was Virginia M. Robinson, of Beaufort, and whom he married 
in 1884, survives him, together with seven of their children, Edward 
P., Charles W., George V., William C., Robert A., John H., and 
Annie FE. Jewell. 


CLEMENT ROSS JONES (1871-1939) 


Clement Ross Jones, professor of power engineering and dean 
emeritus of the College of Engineering, West Virginia University, 
Morgantown, W.Va., died at the Johns Hopkins Hospital, Balti- 
more, Md., on August 16, 1939. He was born at Knottsville, W.Va., 
on April 19, 1871, son of Uriah and Pernissa Jane (Ford) Jones. He 
received his high-school education in Grafton, W.Va., and was gradu- 


ated from West Virginia University with a B.S. degree in civil en- 
gineering in 1894. He had special training in the Washburn shops 
of Worcester Polytechnic Institute in the summer of 1896 and at 
Stevens Institute of Technology the following summer. West Vir- 
ginia University conferred an M.E. degree upon him in 1897 and 
three years later he was given an M.M.E. degree by Cornell Univer- 
sity. 

In the fall of 1894 Mr. Jones was appointed associate principal of 
West Virginia College. His work at West Virginia University began 
the following year as assistant in mechanical engineering, teaching 
steam and experimental engineering, drafting, and machine design. 
He was promoted to an instructor in 1897, made assistant professor 
and put in charge of the mechanical-engineering department in 1899, 
and advanced to full professorship in 1901. He served as dean of 
the College of Engineering and professor of steam and experimental 
engineering from 1911 to 1932 and did effective work in organizing 
and building up the work of the college. 

’ During the early years of his teaching career Dean Jones also 
carried on a consulting practice as a partner in the firm of Jones and 
Jenkins, of Grafton, civil and mining engineers. His work dealt 
chiefly with steam and electric railway surveys, municipal engineer- 
ing, and general office work. During the latter part of the summer 
of 1897 he was in charge of a railroad survey for the Clarion Lumber 
Company and during the summer of 1900 he was connected with the 
Westinghouse Electric & Manufacturing Co. as assistant to the in- 
spector of materials. At various other times he engaged in consult- 
ing work and commercial tests. 

Dean Jones was secretary of the Engineering Section of the Land 
Grant College Association from 1921 to 1924 and its chairman in 
1928-1929. He was editor of its ‘‘Experiment Station Record” from 
1921 to 1924 and a member of the committee on the engineering ex- 
periment station the next three years. He was the author of nu- 
merous articles and addresses on engineering, education, experimental 
work, and other subjects. 

He was a first lieutenant in the West Virginia National Guard, 
1894-1896, and captain, 1896-1900. During the World War, 1917- 
1919, he served as chairman of the local branch of the War Service 
Committee, and of the Fuel Commission for Monongalia County, 
W.Va. A member of the Sons of the Revolution, he had been vice- 
president for a year and president for two years of tlte West Virginia 
branch of that organization, his second term ending in February, 
1939. 

Dean Jones became an associate-member of the A.S.M.E. in 1898 
and a member three years later. He was a Fellow of the American 
Association for the Advancement of Science and a member of the 
Newcomen Society (to which he was elected early in 1939), American 
Society for Testing Materials, Society for the Promotion of Engineer- 
ing Education, and the West Virginia Academy of Science, Mining 
Institute, and Scientific Society. In 1910 he was elected an alumni 
member of Phi Beta Kappa, and he also belonged to Sigma Xi, Tau 
Beta Phi, and the Masonic fraternity: he was a Knight Templar 
and Shriner. He had served on the official board of the Methodist 
Church, was a Republican in politics, and was active in the local 
Rotary Club. He had made particular hobbies of gardening, golf, 
and genealogy. 

Surviving him are his widow, the former Elizabeth Charles Gam- 
brill, of Parkersburg, W.Va., whom he married in 1915, and a son, 
Ross Gambrill Jones. 


EDWARD HASKELL JONES (1849-1938) 


Edward Haskell Jones, whose death occurred in Clearwater, Fla., 
on February 14, 1938, was a native of Jackson, Mich. He was born 
on August 12, 1849, son of Edward Lyman and Charlotte (Gibson) 
Jones. 

Mr. Jones entered the University of Michigan with the Class of 
1872, enrolling for a special scientific course, but left before graduating 
to go into the foundry and machine-shop business in Atlanta, Ga., in 
June, 1871. 

Four years later he went to Cleveland, Ohio, where he started in 
business selling engines, boilers, pumps, and other equipment. 
Later he devoted himself exclusively to steam engineering and con- 
structing, under the firm name of E. H. Jones & Co., Engineers and 
Contractors. He retired in 1895, since when he had spent. part of his 
time in Cleveland and part in Clearwater, and aided in establishing 
libraries and hospitals. 

Mr. Jones saw some service in the Union ranks during the Civil 
War, though only about seventeen years old at the time. He became 
a member of the A.S.M.E. in 1889. His only surviving relative is 4 
niece, Kathleen Jones (Mrs. Albert H.) Baker, of Cleveland. His 
wife, Jennie (Clark) Jones, died in 1892. 
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EDWARD KEOHN JUNGHANS (1866-1938) 


Edward Keohn Junzhans, whose death occurred in Ponce, P.R., 
on May 23, 1938, was born in the Danish West Indies, at St. Croix 
(Santa Cruz), on June 24, 1866, son of Victor and Sarah Jane Jung- 
hans. He attended private school in the Island, and public school in 
Brooklyn, N.Y., for two years, and supplemented this early education 
with many years of study at home. He became a naturalized citizen 
of the United States in 1887. 

At the age of sixteen Mr. Junghans was apprenticed to William 
Arthur & Co. at the Atlantic Steam Engine Works, Brooklyn. This 
shop was closed two years later and he secured further experience at 
the J. W. Sullivan Marine Works, Colwell Iron Works (on sugar 
machinery), and in Jersey City, N.J. at the marine works of M. J. 
Russell, for whom he designed and supervised the building of com- 
pound engines for several tugboats. 

In the fall of 1886 he returned to St. Croix, where he made a survey 
of a large estate for Capt. A. J. Blackwood and for several years was 
connected with the F. O. Mathiesen & Weichers sugar refinery. He 
established a machine shop for sugar-estate repairs in 1889. Two 
years later he designed and introduced the ‘‘green bagasse furnace,” 
which came into general use in the Island. 

From 1894 to 1897 Mr. Junghans was chief engineer at Yngenio 
Santa Fé, Macoris, Santo Domingo, where he remodeled the boiler 
department and made extensive improvements in mills and pumping 
machinery. Toward the end of 1897 he returned to St. Croix and 
established the Crystal Ice Company. In 1901 he took on the 
additional responsibilities of chief engineer of the Bethlehem Sugar 
Factory, which was rebuilt in 1904 and was ranked as one of the fine 
raw-sugar factories in the world. From 1908 to 1910 he was again 
located in Santo Domingo, as syperintendent and chief engineer of 
the Porvenir Sugar Company, Yngenio Porvenir, San Pedro de 
Macoris. 

Beginning in 1911 Mr. Junghans served as superintendent of fabri- 
cation at the Central Mercidata, Ponce, until poor health necessitated 
his retirement in 1934. During the most of this time he also acted 
as consulting engineer to one or more of the sugar centrals El Ejemplo, 
Cambalache, Rufina, and Constancia, as well as to sugar concerns in 
the States. He contributed articles to the technical press in the sugar 
industry and was considered an authority on the various phases of 
sugar manufacture. 

Mr. Junghans became a member of the A.S.M.E. in 1908. He was 
a Mason and belonged to the Casino de Ponce, Club Deportivo de 
Ponce, and the Rotary Club. He is survived by his widow, Matilda 
(Moore) Junghans, whom he married in 1914, and by a daughter, 
Alma Louise Junghans. 


RICHARD KAIER (1897-1939) 


Richard Kaier, an engineer employed on the development of new 
machines at the Singer Manufacturing Company, Elizabeth, N.J., 
died on January 10, 1939, at his home in Cranford, N.J., following 
an illness of three weeks. 

Mr. Kaier was born in New York, N.Y., on November 11, 1897, 
son of Urban and Marie (Schmidt) Kaier. He moved to New 
Jersey with his family early in life and secured his education in the 
Elizabeth and Cranford public schools and at the Newark Technical 
School, which he attended for four years. In 1913 he became an ap- 
prentice in the toolroom of the Singer Manufacturing Company and 
he advanced rapidly. During the World War he specialized on the 
rapid production of the recoil raechanism of the French 75-mm field 
guns. Later he entered the serew-machine department of the sew- 
ing-machine factory. Following several years as head of the harden- 
ing department, he served a short period as assistant to the chief in- 
spector. In more recent years, and up to the time of his death, he 
was engaged in experimental work in connection with the develop- 
ment of new sewing machines. He held several patents having to do 
with tempering and hardening furnaces, and various improvements 
in the sewing machine. 

Mr. Kaier was elected to junior membership in the A.S.M.E. in 
1919. He was vice-chairman of the Plainfield Section of the Society 
in 1934-1935 and chairman the following year. He was president 
of the Singer Engineering Society at the time of his death, and a 
member of the Plainfield Engineers Club and of the Singer Club, and 
4communicant of the Trinity Episcopal Church, Cranford. 

Surviving Mr. Kaier are his widow, Mrs. Eleanor (Comes) Kaier, 
whom he married in 1922; three children, Richard, Joyce, and 
William; and his mother. 


WALTER DUDLEY KELLER (1884-1938) 


Walter Dudley Keller, designing engineer for The Alliance Ma- 
chine Company, died in Alliance, Ohio, on May 23, 1938, of diabetes. 
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Of his work for the Alliance company, Myron R. Bowerman, a fellow- 
member of the A.S.M.E. who was for many years associated with 
him, has given the following account. 

“Walter Keller’s designing experience with The Alliance Machine 
Company covered a period of thirty-three years, during which time 
he was responsible for many improvements in steel-mill equipment 
and other machinery. Machines reflecting his skill are to be found 
in most of the steel plants of this country and in many foreign coun- 
tries. 

“Beside the standard types of shop and mill cranes, his experience 
covered special cranes for charging and drawing ingots in soaking 
pits, for stripping and extracting ingots from molds, open-hearth 
charging machines, ladle-handling cranes, coal levelers and coke 
pushers, pipe-pickling machines, forging manipulators, special equip- 
ment for forging and rolling pipe flanges and fittings, turntables, 
briquetting machines, steam hammers, loading towers and conveyers 
for coaling ships, and many other machines. Many of his designs 
are patented. 

“Mr. Keller was gifted with a rare combination of manual skill 
and analytical ability. If his calculations were ever in question, he 
would often construct in his private workshop a scale model of the 
structure or mechanism involved. His powers of concentration 
were unusual. His ability to penetrate to the heart of a complicated 
problem and evolve a symmetrical design without missing an es- 
sential point was a constant inspiration to his fellow workers. 

“During 1929 and 1930 Keller was in charge of the design of coal 
handling and loading equipment for the South Manchurian Railway 
Company, and spent several months in Dairen, superintending the 
erection of this equipment.” 

Mr. Keller was born in Dover, Ohio, on October 9, 1884, the son 
of Fred E. and Viola E. (Heacock) Keller. He was  aduated from 
high school in Dundee, Ohio, and took a mechanical-engineering 
course through the International Correspondence Schools. Prior 
to entering the employ of The Alliance Machine Company in August, 
1905, he worked in the general store in Barrs Mills, Ohio, and for a 
year as draftsman for the Morgan Engineering Company, Alliance. 

A member of the A.S.M.E. since 1922, Mr. Keller served from 1927 
until his death on the Committee on a Safety Code for Cranes, Der- 
ricks, and Hoists. He was active in the Masonic fraternity, in which 
he held the 32nd degree and was a Knight Templar, and was a Shriner 
and a member of the Knights of Pythias; he had served as prelate 
of the Lone Rock Lodge No. 23 of the Alliance Knights of Pythias 
since January 1, 1915. He was unmarried, but during the most of 
his life provided a home for his widowed mother. 


TIMOTHY JOSEPH KELLY (1875-1938) 


Timothy Joseph Kelly, vice-president in charge of operations of 
the Southern Brighton Mills, Shannon, Ga., died on August 31, 1938, 
in a hospital in Rome, Ga., after two years of ill health. 

Mr. Kelly was born in New York, N.Y., on January 7, 1875, the 
son of Michel and Margaret Kelly. After completing his public- 
school education, which he later supplemented by home study, Mr. 
Kelly went to work for the Brighton Mills, Passaic, N.J.; in 1925 the 
plant was relocated in Shannon, under its present name. Mr. 
Kelly, who was widely known in the textile field, was advanced 
through various steps to the vice-presidency. He became overseer 
of the finishing room in 1896, purchasing agent and assistant super- 
intendent in 1906, and superintendent two years later. In this ca- 
pacity he was responsible for the introduction of the Gantt system of 
scientific management in the plant. He made many improvements 
in machines as well as operating methods. He was made factory 
manager in 1917 and vice-president of the company in 1923. 

Mr. Kelly had been a member of the A.S.M.E. since 1913. He be- 
longed to the St. Mary’s Roman Catholie Church, of Rome, Ga. In 
1898 he married Margaret Black, of New York, and she and their 
five sons survive him. 


MARK ANTHONY LAWTON (1861-1938) 


Mark Anthony Lawton, treasurer of Andrew J. Morse & Son, Inc., 
Boston, Mass., died on October 20, 1938, at Brooks Hospital, Brook- 
line, Mass., from an embolism following two operations. He was a 
native of Massachusetts, having been born at Waltham on November 
2, 1861, son of Mark Anthony and Sarah Anne (Jarvis) Lawton. 
He attended high school in Newton, Mass., and studied for one year, 
1880-1881, at the Massachusetts Institute of Technology, taking 
chemical and mechanical-engineering subjects. 

His first position was as an assistant in making tests of the Mar- 
land boiler at the Pacific Mills, Lawrence, Mass., in 1881-1882, un- 
der the direction of J. C. Hoadley (a member of the A.S.M.E.), whose 
report of the tests was published in the A.S.M.E. Transactions (vol- 
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ume 6, 1885, page 676). After the completion of that work, Mr. 
Lawton spent a year in Boston in connection with the automatic fire 
alarm, then went to New York, N.Y., where he was secretary of the 
Western Mineral Wool Company and engaged in engineering work 
connected with that company and the Buckeye Electric Company 
for a short time. He next served as assistant engineer with the New 
York Steam Company until 1889, and superintendent of its Station 
B during the next three years. 

From 1892 to 1895 he sold electric lamps and other electric ap- 
pliances throughout the New England states. He then spent a year 
prospecting and mining in Durango, Mexico, after which he returned 
to New York and engaged from 1896 to 1901 in the export business, 
under the firm name of M. A. Lawton & Co. 

Mr. Lawton married Sarah Elizabeth Morse in 1896 and five years 
later became associated with Andrew J. Morse & Son, manufacturers 
of diving apparatus and fire-department supplies, a business estab- 
lished in 1837 by Mrs. Lawton’s grandfather, Andrew J. Morse. 
The business was incorporated in 1905, the stock being divided be- 
tween Mr. Lawton and his wife. Until 1916, Mr. Lawton devoted 
his attention to the improvement of diving apparatus and methods 
of diving. Since then he had confined his work largely to the making 
of special devices used in the distribution of gasoline and fuel oils, 
and to apparatus for handling large streams of water for extinguish- 
ing fires. 

Mr. Lawton invented an electric-light apparatus for submarine 
use and also patented various improvements in locking enclosures 
for gasoline containers and pumps and relating to measuring gasoline 
and other liquids through pipes, and various other apparatus for at- 
tachment to fluid tanks, especially for tanks holding volatile liquid 
such as gasoline. Many of his devices are still in wide use. During 
the World War I he performed a valuable service in designing and 
making supplies for the Navy, and he had also been of similar service 
to Admiral Byrd. 

Mr. Lawton’s principal hobby was the collecting of postage stamps 
and United States envelopes, and at one time he had an almost com- 
plete collection of cut square United States envelopes, having many 
rare ones worth from $400 to $500 each. 

He had been a member of the A.S.M.E. since 1893. He was also 
a member of the Sons of Colonial Wars, New England Historical and 
Genealogical Society, Boston City Club, and University Club, Bos- 
ton. He is survived by his widow and their two sons, Mark W. and 
John Jarvis Lawton. 


HERSCHEL PAUL LEWIS (1902-1938) 


Herschel Paul Lewis, whose death occurred on October 1, 1938, 
was born at Bells, Tenn., on January 7, 1902, the son of Marion 
Francis and Lessie Pauline (Roberts) Lewis. He secured his early 
education in the Bells schools and was graduated in 1923 from the 
University of Tennessee, with B.S. degrees in mechanical and elec- 
trical engineering. During his junior and senior years and the sum- 
mer terms following them he was part-time instructor in the Voca- 
tional School for ex-soldiers in Tennessee. 

From October 1, 1923, to August 30, 1924, Mr. Lewis was employed 
as a student engineer by the General Electric Company at Schenec- 
tady on general test work. He then joined the faculty of Cornell 
University as an instructor in machine design and he continued to 
teach there the next three years (as instructor in electrical engineer- 
ing in 1926-1927), while pursuing postgraduate studies. He was 
granted an E.E. degree in 1927. He served the General Electric 
Company again as test engineer during the summer of 1925 and the 
following summer was special representative for the Pennsylvania 
Grade Crude Oil Association, of Oil City, Pa., at the Sesqui-Cen- 
tennial Exposition at Philadelphia. 

After securing his final degree Mr. Lewis was employed in the 
Office Production Department of the Purina Mills, St. Louis, Mo. 
He returned to Cornell in the fall of 1927 as instructor in experimental 
engineering. At the close of the college year he joined the organiza- 
tion of the Roessler & Hasslacher Chemical Co., Niagara Falls, N.Y., 
as assistant engineer in general maintenance work. After a few 
months he was put in charge of operation in the Mechanical Utilities 
Division. The company became a subsidiary of E. I. du Pont de 
Nemours & Co., Inc., in 1930 and in 1934 Mr. Lewis was transferred 
to Wilmington, Del., as assistant manager of the Safety and Fire 
Protection Division, the position he held prior to the time of his 
death. 

Mr. Lewis became a junior member of the A.S.M.E. in 1930 and 
also belonged to the National Safety Council. He was a member of 
Phi Kappa Phi, honorary society, and at Cornell belonged to the 
Acacia fraternity, Masonic social organization. He was an active 
member of Grace Church, in Wilmington, and secretary of the Radio 
Club. He married Florence Marguerite Hanna, of Avon, N.Y., in 
1928, and is survived by her and a son, Herschel Paul Lewis, Jr. 
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MARQUIS HARTWELL LOCKWOOD (1870-1938) 


Marquis Hartwell Lockwood, mechanical engineer and patent 
attorney, who died on December 5, 1938, was born in Marshall 
County, Kansas, on August 21, 1870, the son of John and Mary 
Jane (Duncan) Lockwood. He attended high school in Rockport, 
Mo., and then entered the University of Missouri, where he obtained 
an E.E. degree in 1893 and an M.S. degree in 1900. He taught phys- 
ies and science at the University of Missouri, 1891-1893, and served 
as assistant in physics there the following year. During the next 
three years he held the chair of physics at Trinity College (now Duke 
University), Durham, N.C. 

In 1897-1898 Mr. Lockwood was engaged in designing and build- 
ing models of photographic apparatus and speedometers. He re- 
turned to the University of Missouri in the fall of 1898 and taught 
physics while working for his M.S. degree. From 1899 to 1901 he 
taught physics and chemistry at Blees Military Academy, Macon, Mo. 
He was also working, during this time, on the design of a small adding 
machine for which he obtained a patent later, and made drawings for 
a typewriter adding machine. This led to his connection, from July, 
1901, to October, 1908, with the Remington Typewriter Company, 
in its New York office, designing and building models of typewriter 
adding machines of his own invention and making searches and re- 
ports on typewriters and adding machines. 

Mr. Lockwood entered upon patent work in 1909 with Fischer «& 
Sanders, of Newark, N.J., and from 1910 to 1916 was associated with 
Briesen & Knauth, New York, as mechanical expert and patent 
solicitor. During this period he continued to work out improvements 
on typewriters, taking out both United States and foreign patents on 
his designs and building models for the Underwood Typewriter Com- 
pany. In January, 1916, he opened his own offices in New York 
and from then until his death continued in business as a patent 
attorney. 

Mr. Lockwood became a member of the A.S.M.E. in 1917. He 
also belonged to the American Association for the Advancement of 
Science, New York Patent Law Association, National Geographic 
Society, Tau Beta Pi, and the Manhattan Golf Club. He was un- 
married. 


LLOYD LOGAN (1890-1938) 


Lloyd Logan, an authority on gas engineering and head of the 
Department of Chemical Engineering of the College of Applied 
Science, Syracuse University, died at his home in Syracuse, N.Y., on 
December 29, 1938, after an illness of several months. 

Dr. Logan was born on June 16, 1890, at Wallace, Nova Scotia, 
Canada, a son of William Robert and Margaret Alexandrina Logan. 
As a boy he moved with his parents to Brockton, Mass., and received 
his early education in the schools of that city. Later, as opportunity 
arose, he took evening, extension, or summer courses at various in- 
stitutions, including the Lowell Institute, Franklin Union, Massa- 
chusetts Institute of Technology, the universities of Pittsburgh and 
Wisconsin, and Columbia, Syracuse, and Johns Hopkins universities 
He was also a British university scholarship student at the Royal 
Technical College, Glasgow, Scotland, for a short time in 191% 
following the completion of service during the World War. He was 
granted the degree of D.Eng. by Johns Hopkins University in 192%. 

Like many young engineers, Dr. Logan worked in a variety of 
plants and industries for short periods in his early professional career. 
Following a student course at the West Lynn Works of the General 
Electric Company, he worked for two years as draftsman and de- 
signer for the Blake & Knowles Steam Pump Works in East Cam- 
bridge, Mass., and subsequently for short periods, in a similar ca- 
pacity, for the Fore River Shipbuilding Company, Quincy, Mass., 
and the Stone & Webster Engineering Corp. and Sanitary Engineer- 
ing Company, Boston, Mass. The Stone & Webster Construction 
Co. then sent him to Buchanan, N.Y., to design and supervise the 
construction of gas producers. During the early part of 1915, for 
the same company, he was assistant engineer on high-explosive plant 
construction. This was followed by a few months each with the 
Lake Torpedo Boat Company, Bridgeport, Conn., on the design of 
hull machinery; Hollis French and Allen Hubbard, consulting en- 
gineers, Boston, as leading draftsman on power-plant piping; the 
Semet-Solvay Company, Syracuse, as draftsman; Westcott & Mapes, 
Inc., New Haven, Conn., as special assistant to the president; and 
as engineer for the Union Sulphur Company, Sulphur, La. 

In 1918 he enlisted with the Canadian Expeditionary Force and 
served in France and Belgium with the 9th Battalion of Engineers, 
Third Canadian Division. Following his return to the United States 
he was employed in the Industrial Engineering Division of the H. M. 
Hope Engineering Co., Boston, for about a year for the greater part 
of the time in charge of engineering connected with the layout and 
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purchase of manufacturing equipment for a large plant of the United 
Drug Company at St. Louis, Mo. In June, 1920, he took up work 
for the Koppers Company in their laboratories at the Mellon In- 
stitute, Pittsburgh, Pa. His work included the design of experi- 
mental apparatus for the laboratories and plants for projects originat- 
ing from laboratery research. For some months he was stationed at 
the plant of the company’s subsidiary, the Minnesota By-Product 
Coke Company, in connection with experimental work. As head of 
the Field Experimental Division of the Koppers Company, he was 
in charge of experiments at Port Alma, Ont., Can., which led to the 
first commercially successful application of liquid purification to 
natural gas, as well as an extensive investigation of naphthalene re- 
moval from gas. 

On leave of absence from the Koppers Company during the early 
part of 1924 he was engaged in the development of an invention for 
the automatic control of chemical processes by light-sensitive means, 
working chiefly at the Massachusetts Institute of Technology. Then 
he continued research work for the company until 1926, when he 
joined the faculty of Johns Hopkins University as research associate. 
In 1929 he became associate professor of gas engineering and served 
the university in that capacity until 1937. He was also a member of 
the executive committee of the School of Engineering. He had been 
professor and head of the Department of Chemical Engineering at 
Syracuse University since 1937. 

Dr. Logan had taken out a number of patents and contributed 
articles to the technical press on the purification of gas by liquid and 
high-temperature processes, the control of industrial processes by 
light-sensitive means, the decomposition of steam in water-gas manu- 
facture, and other features of his work. 

He joined the A.S.M.E. as a junior in 1916 and was promoted to 
the member grade in 1925. He was a Fellow of the American As- 
sociation for the Advancement of Science, and a member of The 
Franklin Institute, Society for the Promotion of Engineering Edu- 
cation, Optical Society of America, American Institute of Chemical 
Engineers, American Chemical Society, American Gas Association, 
and Sigma Xi. He became a citizen of the United States in 1920. 

Dr. Logan married Helen M. Gilbert, of Baltimore, Md., in 1927, 
and is survived by her and their three children, Hugh, Margaret 
Helen, and Murray, as well as by twe brothers, Orwell Logan, of 
Berkeley, Calif., and Dr. Milan A. Logan, of Cincinnati, Ohio, and 
five sisters. 


HENRY EDGAR LONGWELL (1861 1937) 


Henry Edgar Longwell was born on July 31, S61, at Mononga- 
hela, Pa., son of David and Rachel Jane (Estep) Longwell. He at- 
tended the Pennsylvania State Normal School at California, Pa., 
and Cornell University, from which he was graduated in 1883 with 
a B.M.E. degree. 

From then until the end of ISS4, he was employed as chief drafts- 
man at the Dean Brothers Steam Pump Works, Indianapolis, Ind. 
During the next ten years he was connected with Westinghouse 
Chureh, Kerr & Co., for the first two years as engineer in the New 
York office, in 1887 in charge of the Pittsburgh branch, and subse- 
quently in charge of the Chicago branch. In January, 1895, he re- 
turned to Pittsburgh as engineer with the Westinghouse Machine 
Company. During his first ten years, with this company he was sent 
to England twice in a consulting capucity on special assignments, 
the first period being from 1898 to 1901, in London; and the second 
from 1903 to 1906 in Liverpool in connection with problems arising 
during the electrification of the Mersey tunnel. He became assist- 
ant to the vice-president, I. E. Keller, in 1906, and when the com- 
pany went into a receivership the following year he continued his 
duties under the title of consulting engineer. 

Mr. Longwell left Pittsburgh in 1914 to serve as general manager 
of the Westinghouse Air Spring Company at New Haven, Conn. 
He continued there until 1919, when he became chief engineer for the 
Pierce, Butler & Pierce Manufacturing Corp., manufacturers of 
heating equipment, at Eastwood, N.Y., and in 1924 he was made vice- 
president of this company. He retired from business in 1928, but 
carried on research work in the field of thermodynamics until shortly 
before his death, which occurred on May 21, 1937, in Syracuse, N.Y., 
where he had resided for several years. 

Mr. Longwell became a member of the A.S.M.E. in 1901. He 
served on the Meetings Committee from 1912 to 1915 and contributed 
two papers to the Society, one on “The Power Problem in Electro- 
lytic Deposition of Metals,” an abstract of which was published in the 
Journal in 1914, and one on “Thermodynamic Theory for Steam,”’ 
Which appeared in Mechanical Engineering in 1933. 

During his younger years he was much interested in photography, 
and several of his portrait studies of children were included in ama- 
teur exhibits. 
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Mr. Longwell married Katherine Cavenagh, of Chicago, in 1889. 
Her death occurred in 1925. He is survived by a daughter, Katherine 
(Mrs. Frank H.) Ristine, of Clinton, N.Y.; a son, Henry Edgar 
Longwell, of Charleston, W.Va.; and a brother, James Estep Long- 
well, of Washington, Pa. 


JAMES RUSSEL McCAUSLAND (1889-1939) 


James Russel McCausland, superintendent of the Coal Bureau and 
Steam Heat Department of the Philadelphia Electric Company, 
Philadelphia, Pa., died at his home in Brookline, Delaware County, 
Pa., on September 6, 1939. He is survived by his widow, Frances 
Sheppard (Beck) McCausland, whom he married in 1919, and by 
four sons, James R., Jr., John E., William B., and Robert G. 
MeCausland. 

Mr. McCausland was born in Philadelphia on September 15, 1889, 
son of William Beatty and Hannah (Gamble) McCausland. He 
attended public schools in Philadelphia and spent three years at 
Temple College in that city. He became associated with the Phila- 
delphia Electric Company in 1907 as an apprentice in the mechanical 
drafting room, and continued with the company the remainder of his 
life, except while in service during the World War. 

His first years with the Philadelphia Electric Company were de- 
voted to construction work at the various plants. In 1916-1917 he 
was test and efficiency engineer at the Schuylkill plant. After the 
War he was inspector of materials in mechanical design, covering 
acceptance tests of materials and the general inspection cf all me- 
chanical material for the Richmond Station. He was appointed 
superintendent of the Coal Bureau in 1921, his duties in this capacity 
including the selection of fuel, its transportation and storage, dis- 
position of ashes, and supervision of all docks and wharves owned by 
the company. In 1928 he took on the additional responsibility of the 
supervision of the Steam Heat Department. He supervised the de- 
sign and construction of the Willow steam plant and subsequently 
directed its operation. He had contributed articles on coal to Coal 
Age. 

Mr. McCausland saw service during the World War first in the 
U.S. Engineer Corps, assigned to the Ist Engineers as master engi- 
neer, senior grade, and later in the Transportation Corps, U.S. 
Engineers, in France, supervising train and troop movements and 
inspecting the construction of railroad tracks, roundhouses, and other 
structures. He received a letter citation for excellent work. 

Mr. McCausland became a member of the A.S.M.E. in 1928. He 
also belonged to the National District Heating Association, of which he 
was president in 1938-1939, the Society of American Military Engi- 
neers, and the Maritime Society of Philadelphia. He was a past- 
president of the Employees Association of the Philadelphia Electric 
Company, and a member of the Engineers and Art clubs in Philadel- 
phia, the Aronimink Golf Club, American Legion, and Masonie fra- 
ternity. 


JOHN A. McCULLOCH (1864-1938) 


John A. MeCulloch, for about thirty years associated with the 
National Tube Company, subsidiary of the U.S. Steel Corporation, 
died on July 7, 1938, at St. Luke’s Hospital, Denver, Colo., of pneu- 
monia, following an operation for appendicitis. He had been a 
member of the A.S.M.E. since 1912. 

Mr. McCulloch was born at Tompkinsville, S.I., N.Y., on June 20, 
1864, the youngest son of James Sears and Anna (Austen) McCulloch. 
His parents, natives of Baltimore, Md., returned there when he was 
three years old, and he secured his early education in that city, at- 
tending the George Carey school. He manifested a scientific turn 
of mind at an early age and entered the Stevens Institute of Tech- 
nology, Hoboken, N.J., with the Class of 1886; he was graduated 
with an M.F. degree. 

His first position after graduation was with the Pittston (Pa.) 
Engine & Machine Co. His work there and during subsequent 
years, up to 1905, is recorded in the Morton Memorial Volume, pub- 
lished by Stevens Institute in 1905, as follows: 

“Mr. McCulloch was placed in charge of the mechanical interests 
of the Pittston Engine & Machine Co. at a time when the president 
of the company had resigned, the general manager was unable to at- 
tend to his duties, and the superintendent and foreman had left their 
posts. He secured enough work to keep the business going and 
placed it upon a better basis, enabling the directors to arrange more 
favorable terms when the company was merged into the Vulcan Iron 
Works of Wilkes-Barre, Pa., 1S86-1887. He was test expert with the 
Welsbach Incandescent Gas Light Company, 1887-1888, and was 
engaged on special test and research work for the company at Glou- 
cester, N.J., 1888-1889, and he took charge of the shop for lamp-re- 
pair work and for constructing models of new devices, 1889-1890. 
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He was in the estimating office of the Midvale Steel Company, 
Philadelphia, 1890-1892; with Henry Aiken, M.E., Pittsburgh, Pa., 
1892-1893; with Julian Kennedy, M.E., Pittsburgh, 1893; drafts- 
man in the U.S. Engineer Office, Pittsburgh, under Major R. L. 
Hoxie, U.S.A., 1894-1895; in charge of the Hydraulic Machine Com- 
pany, Pittsburgh, 1895-1896; chief draftsman, and later assistant 
engineer in the U.S. Engineer Office, engaged in designing machinery 
and masonry, and construction for river improvements on the Alle- 
gheny and Monongahela rivers, first under Major Hoxie and subse- 
quently under Major Charles F. Powell, U.S. 4., 1896-1900; and has 
been in the jobbing shop of the national department of the National 
Tube Company’s works, McKeesport, Pa., froin 1900 to date.” 

Mr. McCulloch continued with the National Tube Company until 
he was retired, about 1929. He was transferred to the Galvanizing 
Plant at McKeesport in 1906, and later engaged in general engineer- 
ing work for the plant and for the company’s general sales office. At 
times he also carried on special experimental work, and he prepared 
a handbook on piping for the U.S. Steel Corporation. Several years 
before his retirement, he was sent to the Denver, Colo., plant, where 
he served as mechanical engineer. He continued to reside in Denver 
the remainder of his life. 

Two of Mr. McCulloch’s interests outside his work may be noted, 
both dating back to the years before the first World War. With 
friends, he used to buy up parts of automobiles which had been con- 
signed to junk yards and put together cars of mixed ancestry in 
which many enjoyable trips were taken. Equally pleasant, and 
surely the reward of much less effort, were hours spent listening to 
complete sets of operatic records which he and a friend in the chemical 
laboratory of the National Tube Company assembled. 


FRANK B. McMILLIN (1868-1938) 


Frank B. MeMillin, president of ‘The Hydraulic Press Manufac- 
turing Company, Mount Gilead, Ohio, died at his home in that com- 
munity on September 8, 1938. Mr. McMillin was born in Mount 
Gilead on November 30, 1868, the son of Rev. Dr. Milton and Nancy 
(Mercer) McMillin. His father died when he was eight years old, 
and he did what he could, outside of school hours, to augment the 
family income. Among other things he worked in a local brickyard, 
as a farm hand, and as clerk in a dry-goods store. At the age of six- 
teen he became a clerk in the Mount Gilead post office and later was 
given the place of assistant postmaster. He gave up this position in 
1889 and opened a shoe store. While carrying on this business he 
also kept books for a number of Mount Gilead businessmen and in 
1900 filled the unexpired term of a deceased judge of the probate 
court of Morrow County, by appointment of the governor of Ohio. 

In 1900, also, Mr. McMillin was made a director of The Hy- 
draulic Press Manufacturing Company and two years later he sold 
his shoe store and took the position of special auditor of the company, 
with the responsibility of instilling new life into the business and sys- 
tematizing the factory, office, and sales branches. As he took over 
more executive duties he was named assistant general manager and 
in 1907 he became general manager and secretary. The next step 
was that of vice-president and general manager, and in 1935 he was 
made the company’s president. Under his guidance the organiza- 
tion progressed from a small manufacturer of fruit presses to a well- 
established maker of an extensive line of hydraulic machinery. 

Mr. MeMillin carried various other business and civic responsibili- 
ties. While working in the Mount Gilead post office he had helped 
to organize the Buckeye Building and Loan Association, which later 
became the Mount Gilead Savings and Loan Company and which he 
served as a director. He was president of the Mount Gilead Short- 
line Railroad board of trustees from 1911 until his death. 

In 1924 Mr. MeMillin was made president of the Ohio State Cham- 
ber of Commerce, a post he held for ten years. In 1929-1930 he was 
president of the National Association of State Chambers of Com- 
merce of the United States. In 1932 he was appointed a member 
of the United States Chamber of Commerce Committee on State and 
Local Taxation and Expenditures. 

Mr. MeMillin also held the office of president of the Manufac- 
turers’ Association of Central Ohio, 1924-1925, and the Hydraulic 
Machinery Manufacturers’ Association, 1927-1929. He had been a 
member of the A.S.M.E. since 1931. 

Appointed chairman of the Morrow County War Savings Com- 
mittee and director of campaigns for the sale of war savings securities 
in 1918, he organized a highly successful drive. The county won 
national recognition for having sold the largest amount of war sav- 
ings stamps per capita of any county in the United States for two 
years in succession, 1918-1919, and received the award of the Victory 
shaft, which was erected in Mount Gilead. 

During his entire life Mr. McMillin was an active member of the 
Presbyterian Church of Mount Gilead, of which his father had been 


pastor. He served as elder for twenty-nine years, superintendent 
of the Sabbath School for twenty-five, and church treasurer for 
thirteen years. In addition to this local church work, he was « 
charter member of the Westminster Foundation Board for Promo- 
tion of Religious Education in State Colleges and Universities in 
Ohio and its secretary from 1911 to 1928. He was a member of the 
General Board of Education of the Kirst Presbyterian Church, U.S.A. 
from 1917 to 1923, and a member of the Presbyterian Board of Aid 
for Colleges, 1923-1929. He was a Mason and a member of the 
local Kiwanis Club and of the Ohio Society, in the City of New York. 

Mr. MeMillin was twice married. His first wife, Alice K. Struble. 
of Forest, Ohio, whom he married in 1891, died in 1925. There 
were two children by this marriage, a daughter, Ruth, who died ji), 
1895, and a son, Howard F. MeMillin, who succeeded his father as 
president and general manager of The Hydraulic Press M anufactur- 
ing Company. His second wife, Martha A. Terry, of Mount Gilead, 
whom he married in 1927, survives him. 


MICHAEL BEKNARD McPARTLAND (1882-1938) 


Michael Bernard MecPartland, general superintendent of motive 
power, Rock Island Lines, Chicago, Hl., died suddenly of a heart 
attack on June 10, 1938, while in St. Louis, Mo. Mr. MePartland 
was born on October 3, 1882, in Burlington, Lowa, son of John Henry 
and Ella (Curran) MePartland. He obtained his early schooling 
in Burlington, and was graduated from Purdue University in 1905 
with a B.S. degree in mechanical engineering. He had worked part 
time, prior to his graduation, with the Chicago, Burlington & Quincy 
Railroad, West Burlington, as machinist, erector, and draftsman, and 
he continued in their employ until April, 1906. He then spent about 
a year with the Barnum Engineering Company, Omaha, Neb., as 
superintendent of construction, experimenting on the design and con- 
struction of a locomotive stoker. From June, 1907, to June, 1910, he 
was connected with the New York Central Railroad, New York, N.Y... 
and Albany, N.Y., as assistant to the general mechanical engineer, 
doing special work on the design, construction, and operation of 
locomotives and cars, and also working as gang foreman and erection 
supervisor. In June, 1911, he beeame general draftsman and me- 
chanical engineer for the National Railways of Mexico, at Aguas- 
calientes, Mexico, where he remained for a year. Subsequently bx 
was mechanical draftsman for the Missouri Pacifie Lines at St. Louis 
for a short time. 

Mr. MePartland joined the service of the Chicago, Rock Island « 
Pacific R.R. in February, 1913, as general foreman in the Mechanical 
Department at Cedar Rapids, lowa. He was transferred as genera! 
foreman at the 47th Street Shops in Chieago in 1915, and was pro- 
moted to master mechanic at Goodland, Kan., on June 1, 1915 
He left the Rock Island to take a position as master mechanic with the 
Denver & Salt Lake R.R. in 1917 and later was promoted to super- 
intendent of motive power of that road. He resigned in 1921 to be- 
come superintendent of motive power of the Western Pacific Railroad, 
the position which he occupied until he returned to the Roek Island 
Lines in 1936. 

Mr. MePartland became a member of the A.S.M.E. in 1916, and 
belonged to the Knights of Columbus and Elks. He is survived by 
his widow, Mary Catherine (Griffin) MePartland, whom he married 
in 1915, and six children, John, Jim, William, and Mary, residing with 
their mother in Oakland, Calif.; a married daughter, Mrs. K. G 
Hardy, also of Oakland; and Michael B. MePartland, Jr., of Chicago. 
A brother, J. H. MePartland, of Council Bluffs, Lowa, also survives 
him. 


JAMES THOMAS McQUEENEY (1894-1938) 


James Thomas McQueeney, field supervisor with the George 5. 
May Co., New York, N.Y., industrial engineering consultants, died 
on October 9, 1938, in the Brooklyn Hospital, of pneumonia con- 
tracted from exposure during the hurricane at Sharon, Mass. He was 
born in Brooklyn on September 28, 1894, son of James B. and Mary 
(Logan) McQueeney. He was graduated from the Boys’ High 
School, Brooklyn, and attended the Stevens Institute of Technology 
for two years with the Class of 1918. 

In April, 1916, Mr. MeQueeney began work on telephone-switch- 
board erection for the Western Electric Company, New York. In 
August of that year he entered the employ of the Winchester Repeat- 
ing Arms Company, New Haven, Conn., where he was a junior mem- 
ber of the industrial-engineering staff, scheduling production and es- 
tablishing machine rates. He left there in July of the following year 
and for several months was in charge of the air-humidity-control 
system at the Frankford Arsenal in Philadelphia, Pa. He was next 
employed by the American Assembling Machine Company, Croton 
Falls, N.Y., where he installed and took charge of a records system. 
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In May, 1918, Mr. MeQueeney entered the U.S. Army and he 
served overseas with the 2nd Pioneer Infantry, 14th Regiment. In 
November, 1919, he returned to the Winchester Repeating Arms 
Company, where his duties again related to schedules and production. 
He left this position in 1922 to become assistant to the head of the 
Stocks and Stores Department of the Crompton and Knowles Loom 
Works, Worcester, Mass. In 1929 he became associated with Mac- 
Donald Bros., Inc., Boston, Mass., as field engineer. Subsequently, 
from June, 1931, to April, 1932, he was engaged in an industrial en- 
gineering survey of branch warehcuses and offices of the Armstrong 
Cork Company, of Lancaster, Pa. From September, 1932, to June, 
1933, he attended the Evening Engineering School of New York 
University, taking courses in production tools and equipment and in 
motion study. He was employed by the McGraw-Hill Publishing 
Co., Inc., New York, from February to September, 1934, as time- 
study engineer in the Circulation Department. He entered upon 
his work with the George 8S. May Co. in November, 1934, as field en- 
gineer. 

Mr. McQueeney joined the A.S.M.E. in 1920 as a junior member. 
He was promoted to the grade of associate-member in 1925, and auto- 
matically transferred to the member grade in 1935. He belonged to 
the American Legion in Worcester, and to Sigma Nu fraternity. He 
is survived by his widow, Ruth Silverthorne (Smith) McQueeney, 
whom he married in 1922. 


GUSTAV ADOLF MERKT (1878-1938) 


Gustav Adolf Merkt, manager of the Combustion Control Depart- 
ment of the Morgan Construction Company, Worcester, Mass., died 
on February 20, 1938. He was born on February 23, 1878, in Stutt- 
gart, Wiirtemberg, Germany, the son of Leopold and Emilie (Med- 
itsch) Merkt. He attended the Royal Gymnasium (high school) in 
Rottweil, Germany, and following the completion of his studies there 
served an apprenticeship at the Royal Locomotive Works in Rott- 
weil. He then entered the Royal Technical School at Stuttgart, 
which granted him an M.E. degree in August, 1899. This was 
followed by a year’s service in the Imperial German Navy, after 
which he came to the United States and secured work in May, 1901, 
with Robert Hoe & Co., New York, N.Y., as draftsman and designer 
of sawmill machinery and special machine tools. 

After about a year with the Hoe company Mr. Merkt was employed 
successively as follows: draftsman and designer, hoisting engines, 
C. W. Hunt & Co., West New Brighton, S.I., N.Y.: draftsman, 
flaming are lamps, General Electric Company, Lynn, Mass.; de- 
signer and erecting engineer, Willans central valve engines, Bradley 
Manufacturing Company, Pittsburgh, Pa.; engineer and draftsman, 
water works and filtration plants, L. K. Davis Co., Pittsburgh; 
draftsman, gas producers, Westinghouse Machine Company, East 
Pittsburgh; and assistant to the resident engineer (David J. Nevill, 
Mem. A.S.M.E.), Raritan Copper Works, Perth Amboy, engaged on 
the design and construction of the 1906 addition to the electrolytic 
refinery for copper and silver, including a power station, railroad 
trestle, pumping station, sewer system, and other features. 

In 1907, after completing the work at Perth Amboy, Mr. Merkt 
became designer for the American Steel & Wire Co., Worcester, 
Mass. He continued with this company for ten years, being ad- 
vanced first to the position of chief draftsman, and later district 
steam engineer. A large variety of problems marked his experience, 
both in construction work and plant operation. One which interested 
him particularly was the installation of the Cottrell system of elec- 
tric precipitation of hydrochloric-acid fumes in the Electrogalvaniz- 
ing Department. He also directed an investigation of power costs 
in the several works which came under his supervision in the Wor- 
cester District. He had charge of all engineering matters in connec- 
tion with the operation, maintenance, and development of four 
works, which contained a large variety of steam, gas, hydraulic, and 
electric power equipment, and operated open-hearth furnaces, bloom- 
ing, billet, rod, wire, and cold-rolling mills, and rope, spring; rail bond, 
and a large electrical cable works. 

Mr. Merkt left the American Steel & Wire Co. in February, 1917, 
and from then until November, 1919, was chief engineer of the Ameri- 
can Tube & Stamping Co., Bridgeport, Conn. Working under dif- 
ficulties as to labor and materials caused by wartime conditions he 
designed and constructed a 75-ton open-hearth furnace with a gas- 
producer installation and necessary plant extensions in the record 
time of four and one-half months, without interrupting the operation 
of the existing plant. A large percentage of war work in the steel- 
works, cold-rolling mill, and stamping shop added many engineering 
and operating problems to the normal duties of his position. 

In his next position, as chief engineer of the Wickwire Spencer 
Steel Corporation, Worcester, where he was located until the end of 
1924, Mr. Merkt investigated many projected improvements, di- 


rected construction work, and in general had charge of all properties, 
processes, and patents for the company. He had been with the 
Morgan Construction Company since February, 1925. During the 
first seven years, as engineer for the company, his duties included re- 
search, development, design, sales, installations, and operation of 
steelworks equipment. As manager of the Combustion Control 
Department he had engaged largely in the improvement of metal- 
lurgical furnaces and the sale of equipment and engineering service. 

Mr. Merkt became an associate of the A.S.M.E. in 1908 and was 
promoted to the grade of member in 1918. He was a citizen of the 
United States, having been naturalized in 1910, in Fitchburg, Mass. 
He had taken out four United States patents in connection with 
furnace construction and operation and had contributed articles in 
this field to the technical press. 

Mr. Merkt married Helen Stone Proctor, of Marlboro, Mass., in 
1908, and is survived by her and their daughter, Marion Emilie 
Merkt. Oswald L. Merkt, a first cousin, has been a member of the 
A.S.M.E. since 1916. 


ROBERT MAXWELL MEYER (1906-1938) 


Robert Maxwell Meyer, who died at his home in Arlington, N.J., 
on May 6, 1938, was born on November 13, 1906, in Hoboken, N.J. 
He was the son of Robert and Mary (Maxwell) Meyer. He secured 
his early education at Hoboken Grammar School No. 2 and the Engle- 
wood (N.J.) High School. In June, 1928, he was graduated with 
high honors from the Newark College of Engineering, receiving a B.S. 
degree in mechanical engineering, and two years later he was given 
an M.E. degree there. 

At the time of his death Mr. Meyer was wage-incentive engineer 
at the Arlington plant of E. I. du Pont de Nemours & Co., Inc. He 
had had varied industrial engineering experience both with manu- 
facturing organizations and consulting engineering firms. Prior to 
his graduation from the Newark College of Engineering he had worked 
during two summer vacations with Watson G. Clark, civil engineer, 
of Tenafly, N.J., as draftsman and inspector and assistant superin- 
tendent on road construction. As a student-engineer during his 
junior and student years he engaged in production work at the plant 
of the Dexter Folder Company, Pearl River, N.Y. Upon graduation 
in 1928 he took a position as junior production engineer with this 
company for several months. From November of that year until 
September, 1929, he was time-study engineer, operating under the 
Bedaux system, for the Manhattan Rubber Manufacturing Company, 
Passaic, N.J. 

Mr. Meyer's experience included two periods with the Wright 
Aeronautical Corporation, Paterson, N.J. From September, 1929, 
to July, 193i, he was chief of time study, working out a change from 
individual incentives under the Dyer system to a group bonus plan 
for all the principal manufacturing departments of the corporation. 
In 1933, he again served the company for several months, correlating 
American labor incentives with an equitable scale of rates for Russian 
labor standards to be used in a motor plant in Moscow. 

In the interim between these two periods, Mr. Meyer was connected 
with the Armstrong Cork Company, Lancaster, Pa., in time-study 
and cost-reduction work. From October, 1933, to May, 1934, he 
was industrial engineer for the Consolidated Laundries Corporation, 
New York, N.Y., working out a cost-reduction program on labor and 
methods in six laundries in the metropolitan area. Then for several 
months he was engaged on a revision of labor standards and cost-re- 
duction suggestions for the Lowe Paper Company, Ridgefield Park, 
N.J. 

After a year’s rest necessitated by a partial nervous breakdown, 
Mr. Meyer became associated with Floyd H. Rowland & Co., man- 
agement consultants, New York. He was delegated to serve as staff 
engineer at the plant of the Hamilton Watch Company, Lancaster, 
Pa., where he aided in establishing production-control boards, manu- 
facturing-department budgets, and incentives for indirect labor per- 
sonnel. This work was interrupted early in 1936 by a severe attack 
of influenza, and when he was able to resume activities, the latter 
part of the year, he took the position with du Pont which he held at 
the time of his death. 

Mr. Meyer became a junior member of the A.S.M.E. in 1928 (he 
had been a member of the Student Branch while attending college) 
and was promoted to the grade of member in 1937. In his senior 
year at the Newark College of Engineering he received the Charles 
T. Main Award of the Society for his paper entitled, ‘Scientific Man- 
agement and Its Effect Upon Manufacturing”’ (published in A.S.M.E. 
Transactions, 1929). He was also a member of the Society for the 
Advancement of Management. 

Mr. Meyer is survived by his widow, the former Edith Wahler, of 
Newark, whom he married in November, 1937. 
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FRED J. MILLER (1857-1939) 


Fred J. Miller, past-president of The American Society of Mechani- 
cal Engineers, Fellow of the American Association for the Advance- 
ment of Science, and first recipient of the Gantt Medal, was born at 
Yellow Springs, Ohio, on January 3, 1857. His death on November 
26, 1939, culminated a long career devoted to publicizing develop- 
ments affecting the machine-tool industry, to public and industrial 
service in scientific management, and to pioneer work in the field of 
labor relations. His life and his work were based on the principle 
which he himself stated: ‘‘To be fair, considerate, candid, and en- 
tirely aboveboard.” 

His father, John Z. Miller, was a New England contractor and a 
skilled general mechanic who had gone to Yellow Springs to aid in 
building Antioch College. At the age of thirty, in Oxford, Ohio, he 
married Elizabeth Woodhurst, and Fred Miller was the first of four 
children. His birthplace proved to be only a temporary residence, 
for after two years the Miller family departed for Worcester, Mass., 
where they remained for six years before returning to the West and 
living in Mechanicsburg and Springfield, Ohio. 

The early education of Fred Miller was gained in the public schools, 
but later it was supplemented by personal study and special instruc- 
tion which developed a fine command of language, a knowledge of 
people, and a broad general culture. One who worked with him said: 
“Very few schoolmasters have earned and obtained the education 
that this self-educated man had.” 

On leaving school, he served an apprenticeship of four years in 
the machinists and toolmakers trades, which led to a foremanship 
with the Warder, Bushnell & Glessner Co. of Springfield, Ohio, an 
organization subsequently merged with the International Harvester 
Company. This experience in the shops brought to his attention 
pressing problems in the mechanical arts and in human relationships. 
He learned to think deeply and wisely on current situations, to be 
open-minded to new and sometimes revolutionary ideas, and to pass 
on to others, without thought of self-advancement, what seemed to 
be worthy of consideration and analysis. This attitude of mind he 
later summarized in these words: ‘Customs and usages have their 
places and their values, but when new problems present themselves 
we must not shrink from the contemplation of what are, or may seem 
to be, new remedies, so long as they are founded upon established 
principles of justice and fair dealing.’’ He hoped never to grow so 
old that a new idea would shock him. 

Early in his career Mr. Miller began to invent and develop various 
devices and tools applicable to the machine-tool industry, some of 
which were adopted and used by the leading manufacturers of that 
time. One device in particular employed differential or compound 
indexing for the cutting of gears. Furthermore, he was always in- 
terested in the articles that appeared in the trade publications, the 
foremost being the American Machinist. He answered many in- 
qviries in the information column of that periodical about operations 
such as gear cutting and milling, and even phases of management. 
This brought him considerable prestige and an opportunity to pub- 
lish complete and elaborate articles primarily concerned with special 
tcols for the uniform manufacture of interchangeable machine parts. 


WITH THE “AMERICAN MACHINIST” 


In 1887 Mr. Miller received a letter from the publisher of the 
American Machinist offering him the position of associate editor, in 
charge of the ‘‘Tools’’ Section. The young machinist feared that 
he might not be able to qualify. However, Charles A. Bauer, who 
was one of the founders of the A.S.M.E., persuaded him that the 
position would not have been offered unless the publisher had con- 
fidence in his capabilities and experience. He accepted and in 1893, 
at the request of his chief, Frank F. Hemenway, he acted as the 
editorial representative at the Chicago Exposition. In 1897 he be- 
came editor in chief of the American Machinist and vice-president 
of the Hill Publishing Company; and in the spring of that year 
visited the International Exposition at Brussels, Belgium. This 
was followed by an extended tour of the industrial areas of Europe 
during which he wrote a series of articles dealing with machine-shop 
practice and equipment in the Continental countries and emphasizing 
the possible introduction of American machinery. These articles, 
in the form of travel letters initially published in the American Ma- 
chinist and later in book form, were widely read, as his previous 
writings for the machine-building trade had made him a world figure. 
Wherever he went, he was well received. Constantly people were 
impressed by his genial manner and his friendliness. While in Russia 
during this trip, he met the ill-fated Czar Nicholas II. Another 
European trip was subsequently made in 1900 to cover the Paris 
Exposition. 

The two decades spent in an editorial capacity developed his knowl- 
edge of shop manufacture, his judgment in handling editorial poli- 


TRANSACTIONS OF THE A.S.M.E. 


cies, and his unfailing helpfulness, courtesy, and fairness in dealing 
with staff members, men in the machine-tool industry, and all others 
with whom his work brought him in contact. 

His fund of information regarding the equipment and methods of 
manufacture was applied to the betterment of the magazine as well 
as to all those who were interested in its articles and policies. The 
young mechanics of the time took a keen interest in the Wachinis: 
and its editors and writers, and Miller, to them, was a figure entirely 
out of the ordinary. His columns were read with a degree of re- 
spect that has been accorded to very few writers in the mechanical 
field. 

First of all, he had supplemented his practical training by spending 
a considerable part of each year in visiting machine-tool and other 
machinery plants. Few articles were received on new lines of equip- 
ment with whose details he was not familiar through having seen 
something of their progress through the makers’ shops or drawing 
rooms. This was valuable because the Machinist devoted, in this 
period, a good deal of space to descriptions of new machine tools and 
thorough discussion of details of design. It was not uncommon to 
give a six- to eight-page story to some new automatic screw machine, 
a heavy planer or boring mill, or perhaps a new lathe design, supple- 
mented by engine descriptions, marine or industrial, and plant con- 
struction details, all illustrated quite fully by working drawings. 

Secondly, the developments of the trade were rapid, but Mr. 
Miller's policies kept pace. With discriminating judgment, he per- 
mitted a wide latitude to his contributors, vet secured a directed 
progressiveness that definitely improved the standing of his trade 
publication in the mechanical world. This was a more difficult job 
than it would now appear. The automobile was already becoming 
an important manufacturing item in the first ten years of the cen- 
tury. The influence of this business and its shop demands were he- 
ginning to make an impression on machine-tool design and construc- 
tion. Gear drives and feeds were coming into general use, as were 
high-speed cutting tools. Electrification of machines was introduced 
even in shops that had for generations relied upon overshot water- 
wheels for prime movers. The grinding machine, which had formerly 
been kept in the toolroom, became a master tool of production. 
Milling processes advanced so rapidly that even the tool salesmen 
could barely keep pace with the developments of their own plants. 

Third, the staff that he had built up to advance the interests and 
policies of his publication became a further indication of his foresight 
and organizing ability. A word about some of his associates may 
emphasize Mr. Miller's qualities in this respect. His two chief as- 
sociates were Fred. A. Halsey and Frank Richards. Halsey was a 


‘first-rate mathematician and an experienced machine designer. 


Consequently, he developed in the Machinist a line of important 
articles on the design of machine tools and shop equipment. Fur- 
thermore, he wrote fully and brilliantly on practical shop-manage- 
ment methods and wage payments and became established as one 
of the early authorities on those subjects. In fact, his system, known 
as the ‘‘Premium Plan” or ‘‘Halsey System,” holds a place to this day 
in the field of labor relations. Frank Richards, often using the pen 
name of ‘‘Tecumseh Swift,’’ presented many articles from the shop 
angle, illustrating the application of common-sense principles which 
were sometimes neglected in otherwise well-conducted shops. 

Two other associate editors of the time were E. P. Buffet, who did 
considerable research work in the realm of early design and engineer- 
ing, and E. V. Suverkrop, who covered a wide range of practical 
shop topics. The head of the publishing company, John A. Hill, 
realizing that the machine industry was the key to America’s prog- 
ress, cooperated in the development of the business and editorial 
policies in that direction. Mr. Miller's acquaintance covered prac- 
tically the entire group of machine-tool builders as well as manu- 
facturers in many other associated yet sometimes diverse fields. 
With these men, he retained close friendship during his entire edi- 
torial career. 

With this organization, the wide contacts which he established, 
and his cons: *t've attitude toward writers and their chosen topics, 
a widesprea versatile group of contributors was built up whose 
articles had a, vfound influence on the development of the American 
machine-building industry. The entire field of machinery owes a real 
debt of gratitude to Fred J. Miller for the impetus he gave to this 
vital industry in which this country has achieved world supremacy. 


Eprroriat Pouicies 


Under his leadership, the Machinist achieved a progressive edi- 
torial policy. The bulk of editorial comment was his, and his views 
on the wide range of subjects discussed in the columns were read with 
keen interest. Any present-day reviewer of Mr. Miller’s writings of 
thirty-five to forty years ago cannot fail to appreciate the breadth of 
his discussion and his foresight. 
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His editorial policies combined courage and an independent point 
of view with an unusual degree of diplomacy and courtesy in the 
handling of controversial subjects, particularly those of an economic 
nature, that effectively held the respect of those who did not always 
agree with him. This quality was illustrated in the controversy 
over the ‘Metric Bill’’ before Congress in 1905-1906. Initially, 
Mr. Miller undertook to present opinions in the Machinist from en- 
gineers and manufacturers who were familiar through actual experi- 
ence with the use of metric as well as English measurements. Letters 
were printed carrying arguments for and against ‘‘official’’ adoption 
of the metric system. Mr. Miller had become an early convert to a 
belief in the advantages of this system, and he personally advocated 
its use. This was bitterly opposed by his chief assistant, Fred. A. 
Halsey, who carried on a furious argument in the columns of the 
Machinist and helped to defeat the Congressional measure through 
publication of his book, ‘‘The Metric Fallacy.” Yet throughout the 
controversy, Mr. Miller maintained his tolerant point of view and his 
natural dignity, thus substantiating his philosophy of respecting the 
opinions of others, while advocating what he thought was best. 

His helpfulness to those with whom he came in contact was un- 
usual. As Frank A. Stanley, present editor of Western Machinery 
and Steel World, stated: ‘‘I realize that Mr. Miller's patience in deal- 
ing with his subordinates exceeded all bounds. Now, after nearly 
forty years of editorial duties, | can appreciate more than ever his 
kindly manner throughout those early years.” 

In 1907, Mr. Miller decided to retire from the American Machinist 
and sold the stock he had acquired in the company. It is significant 
that perhaps the most interesting period of his career followed his at- 
tempted retirement at the age of fifty years. 


IN THE TYPEWRITER INDUSTRY 


Shortly afterward he received an offer from the president of the 
Union Typewriter Company to become an executive in charge of the 
several plants in which the Remington, Smith Premier, Monarch, 
and Yost typewriters were manufactured. He accepted in March, 
1909, and for the next nine years was general manager of four faec- 
tories in Ilion, Syracuse, and Bridgeport. His contacts with men 
in the shops over a long period of time as apprentice and foreman and 
his profound understanding of quantity production stood him in good 
stead during this phase of active management, and he became known 
as one of the most progressive factory managers in this country. 

As a practical idealist, he proved to be a pioneer in the handling of 
labor troubles. Having come from the shop, he knew the problems 
of labor from actual experience, and with his strict philosophy he 
argued for justice and consideration in all dealings. The unions 
were just becoming organized, and the attitude of employers gener- 
ally had been to fight and severely hamper any such activities. 
The course Mr. Miller followed was at that time revolutionary, be- 
ing based on the belief that: ‘‘Autocracy in industry is irrecouncil- 
able with democracy in government. The old driver method of in- 
dustrial management will no longer do. It must be made clear to 
the people who work that it is to their own interest to do things in 
the manner and quantities to be expected of them, and management 
must properly attend to its proper and contributory functions.” 

In line with this philosophy was the settlement of a serious strike 
at lion. A new typewriter had been on the market for a short time, 
and production was lagging behind sales. The bottleneck was the 
aligning department where the men, who had always considered 
themselves the aristocracy of the typewriter workers, refused to align 
more than five machines per day. Without fatigue or change of 
method, they could have increased their output at least 50 per cent, 
and the company, moreover, was willing te maintain the same piece- 
work rate. Then one of the development engineers designed an 
aligning fixture by which machines could be adjusted much mere ac- 
curately and quickly by men of less skill and training. When these 
fixtures were completed, the aligners demanded that they be placed 
in their hands, but they still refused to increase their output. The 
Management put new men into training, and the aligners went on 
strike. No progress toward settlement was made until Mr. Miller 
invited conferences to settle the dispute, and here his good sense and 
fairness at once appealed to the men. The whole misunderstanding 
was cleared, and the aligners went back to work under conditions 
satisfactory both to them and to the company. 

Repeated action of this type led to friendly relations that kept his 
organization running smoothly. An attitude so progressive at that 
time showed that his viewpoint was never dictated by customary 
policies but by convictions, even when they were not shared by his 
associates. Disregarding tradition and prejudice, he looked for 
truth and fundamental causes, and through his understanding of men 
he was able to take an advanced position in the controversy then de- 
veloping as to relations between workers and employers. 


Mr. Miller was vocal in his advocacy of labor unionism. Consist- 
ent therewith, he never interposed the slightest obstacles in the way 
of unionization, and this at a time when such an attitude was quite 
unusual among executives. Aside from his attitude toward unions, 
he believed in hearing grievances promptly and adjusting their 
causes, not because he was forced to act but because of an inherent 
and active sense of justice. 


ApopTion oF Gantr 

As the executive in charge of production in these factories, Mr. 
Miller took an active part in the development of management tech- 
nies. One of the first things he did was to institute monthly meet- 
ings of the factory managers and superintendents, holding them at a 
different factory each month and occasionally in the New York office, 
so that the staff of each component of the Remington organization 
could become well acquainted with the others. This materially aided 
the study of the management methods of the different factories with 
a view to determining whether it was best to adopt the methods of 
one plant and extend them throughout the others, or to install an 
entirely new system in all of them. After much discussion and study, 
he decided to discard the first proposition and engaged Henry L. 
Gantt as a consultant to aid in the installation of modern scientific 
management in all of the factories. A friendship began which termi- 
nated only with Mr. Gantt’s death in 1919. Mr. Miller appreci- 
ated and shared Mr. Gantt’s conception of the community of in- 
terests of workers and management, his fairness in insisting upon 
labor's increased profit from increased production, and the methods 
he advocated for making his industrial philosophy practical from all 
points of view. 

George M. Forrest, as assistant manager of factories, was chosen 
to collaborate with Mr. Miller and Mr. Gantt to carry out this in- 
stallation. An organizing staff was developed which included 
George B. Brand and E. E. Barney, superintendent and manager, 
respectively, of the Monarch factory, and Charles E. Volkhardt as 
Gantt’s representative. The Gantt methods were adapted to the 
special requirements of this type of production. During the installa- 
tion, whenever disagreement assumed serious proportions, Mr. Miller 
was always able to reconcile the opposing points of view. This was 
the largest and most important consulting job Mr. Gantt had under- 
taken up to that time, and its success was due to a large extent to 
Mr. Miller's diplomacy and skill in handling complicated situations, 
as well as to his organizing ability. A real impetus was given to the 
progress of scientific management through this application of Gantt’s 
methods and through changes in Gantt’s philosophy which were 
‘aused in a large part by his association with Mr. Miller. Here was 
a perfect team working together to promote the fundamental policies 
of a relatively new science. 

After the installation at the Smith Premier and Monarch plants, 
the Remington factory at Ilion and then the Yost and Ribbon fac- 
tories were organized. This work made good progress, for under Mr. 
Miller's guidance obstacles were overcome promptly and full coopera- 
tion secured. Naturally, the use of the new methods increased ef- 
ficiency and developed the esprit de corps ef the company. Once 
Mr. Miller said, ‘‘Morale is in the unfortunate capacity of not being 
set up on a balance sheet.’ But the record of the company’s per- 
formance in those critical times speaks well for the factory manage- 
ment. 


DwuRING THE First WaR 

The years starting with 1914 provided another background for 
study and accomplishment dealing principally with the preparedness 
problems of the country. ‘‘Modern warfare,’”’ Mr. Miller stated, 
“has been shown, by the war now going on in Europe, to be more than 
ever an engineering operation. It is organization pitted against 
organization and machine pitted against machine. Preparation for 
war is also largely an engineering work, and the nation which does 
most in making this work of preparation efficient, that is, in getting 
the largest possible results for each dollar expended, will have gone a 
long way in the work of preparedness and will get the best support 
of its people upon whom the burden of taxation falls.” 

Another of his statements at that time was prophetic. ‘‘As for 
the causes of war, it is not industrialism, but a wicked and ignorant 
perversion of it that has been the chief cause, and will inevitably lead 
to other and perhaps greater and worse wars, unless this perversion 
can come to be generally recognized and corrected. Here is the un- 
derlying reason why the Continent of Europe is on fire today. The 
people of each Continental nation think to gain something by resist- 
ing the free use of man’s oldest, greatest, most civilizing, and most 
beneficent labor-saving device, the free exchange of goods produced 
in localities determined by relative economic advantages, and by no 
other consideration whatsoever, as they should be and as nature 
manifestly intends.” 
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Mr. Miller believed in the Henry George principles of single tax 
and free trade and was highly respected in the group advocating 
these reforms. 

When this country entered the war in 1917, Mr. Miller was ap- 
pointed a member of the Special Finance Committee of the Military 
Engineering Committee of New York, which supported the recruiting 
work of the First Reserve Engineers, known as the wartime regiment 
of the Eleventh Engineers. The work of this committee made it 
possible to complete the recruiting of a regiment in record time, 
made up of exceptional men. On January 11, 1918, at the request of 
General William Crozier, he accepted a commission as Major, Ord- 
nance Section, Officers Reserve Corps. Initial service was in the 
Office of the Chief of Ordnance and then at the Rock Island Arsenal, 
where he organized and was at the head of the Civilian Service Divi- 
sion of the Arsenal, concerned with the 11,000 employees engaged in 
munitions work. 

Major Miller was then transferred to the Office of the Director of 
Arsenals, as special representative at Bethlehem, Pa., where 30,000 
men were engaged in war work. There had been rumors of discon- 
tent among the workers, and Major Miller met the situation in a way 
which added to his reputation as a skilled moderator in labor prob- 
lems. He had already voiced his credo: ‘‘The strike spirit, the riot 
spirit, Bolshevism, and what not are reputedly contagious and infec- 
tious, but I believe that right and fair dealing are also contagious, 
and I venture to hold that they will prove to be more contagious than 
the opposite things."’ Seeking out the leaders of the discontented 
faction, he appealed to them for uninterrupted work, assuring them 
that every claim would receive consideration. He was known as a 
man oi integrity and sincerity, and his word had the desired effect, 
for there was not a single interruption to production after that. A 
board was formed to review all disputes, but the armistice came before 
its recommendations could be put into effect. 

Major Miller had accomplished the pioneer work at Bethlehem, 
setting up the machinery that was required. However, beiore the 
armistice came, he was detailed to duty, on October 26, 1918, in 
the office of the Secretary of War, ultimately acting as a member of the 
Technical Advisory Committee of the War Claims Board at Washing- 
ton. The armistice did not relieve him from duty, for his resigna- 
tion was declined, and he was kept in service until he was honorably 
discharged on February 21, 1919, by reason of demobilization of the 
emergency forces. 

On leaving the Army, Major Miller joined the consulting firm of 
Mr. Gantt and collaborated with him until the latter's death in 1919. 
He continued consulting practice in management engineering with 
Wallace Clark for several years, introducing methods of scientific 
Management in prominent industries. 

In July, 1923, Mr. Miller was appointed by Governor Pinchot as 
the engineer member of the Pennsylvania Power and Water Re- 
sources Board. As a member of this Board, he brought to its coun- 
sels, at a time when new interpretations were required, a freshness of 
view and technical competence of great value to the Commonwealth. 
He served in this capacity until he became a member of the Public 
Service Commission, on which he served from February, 1924, until 
April, 1925. He then retired at the age of 68, and until his death he 
devoted his time to his family in their beautiful home on the Dela- 
ware River at Centre Bridge, Pa. In 1876 he had married Julia 
Kindelberger of Springfield, Ohio, and their two daughters who have 
survived them are Katherine C. and Grace E. Miller. 


SERVICES TO ENGINEERING SOCIETIES 

In addition to the activities which have been outlined, Mr. Miller 
rendered notable service in engineering and other fields. 

The American Society of Mechanical Engineers was the object of 
his active interest, and he made many contributions to its advance- 
ment. He became a member in 1890, having as one of his sponsors 
Charles A. Bauer, who had encouraged him to accept the position of 
associate editor of the American Machinist. On being elected presi- 
dent of the Society in December, 1905, Frederick W. Taylor appointed 
a committee consisting of Mr. Miller, Mr. Hutton, who was then 
secretary, and himself, which carried out a comprehensive reorganiza- 
tion of the Society. 

Mr. Miller served the Society faithfully in many capacities. He 
was elected to the Council as manager from 1904 through 1907 and 
as vice-president from 1907 through 1909. He became president in 
1920 and served on the Council #5 past-president for the succeeding 
five years. He gave painstakiz« attention to his responsibilities as 
a member of more than a score of important committees. Probably 
his most important assignment was membership on the Committee 
on Publications at the time when the Journal (now Mechanical 
Engineering) was started. He was always consulted on questions 
relating to its development. In 1919, he made a comprehensive re- 
port on Mechanical Engineering which has served as a continuing 
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guide. He frequently advised on matters of office operation and 
organization. 

In 1922, he served voluntarily as acting secretary of the Society 
without pay to permit the secretary, Calvin W. Rice, to represent 
the engineers of the United States at an engineering meeting in 
Rio de Janeiro. In recognition of this contribution, the Counc! 
conferred on him life membership. .In 1936, he was made a Fellow. 

It was largely due to Mr. Miller’s recommendations that Mr. 
Rice and C. E. Davies were appointed successively to the position 
of secretary of the A.S.M.E. One of the former officers has said of 
Mr. Miller: ‘I do not recall any other member who gave so much 
and such valuable time without compensation.” 

As a representative of the Society on the important joint activities 
of the profession, he made substantial contributions. On the Board 
of the United Engineering Society, he was chairman of the com- 
mittee entrusted with the work of reorganizing and perfecting the 
business affairs and finances of the Founder Societies. He repre- 
sented the Society for a term of four years on the John Fritz Medal 
Board of Award, of which he was chairman for one year. 

He contributed many papers and discussions to the publications, 
the most important being his presidential address on “The Engi- 
neer’s Service to Society.” 

Mr. Miller was a member of the first group of delegates appointed 
by a charter-member organization to the Assembly of American 
Engineering Council, then known as the American Engineering 
Council of the Federated American Engineering Societies. The 
American Society of Mechanical Engineers was the first engineering 
society|to name its official representatives to the newly formed Amer- 
can Engineering Council, and Mr. Miller was one of the fourteen. 

He served in this capacity almost continuously from 1920 to 1925, 
representing the A.S.M.E. on the Executive Board for the same pe- 
nod. He was a member of such important committees as those on 
Public Affairs, Military Affairs, Elimination of Waste in Industry, 
Employment Service, International Engineering Congress, Work 
Periods in Continuous Industries, Industrial Ideals, Statement of 
Elemental Economics, Basic Wage Rates, and the Standing Com- 
mittee on Publie Affairs. He was one of the signers of the Hoover 
report on ‘Waste in Industry" and with the assistance of William B. 
Ferguson was in charge of the investigation of the metal-trades in- 
dustry, preparing chapter nine of the report covering that survey. 
On the American Engineering Council, Mr. Miller showed an un- 
usual ability to secure agreement and to make action possible in dif- 
ficult situations. Typical of his committee work was the following 
paragraph from the report of the Committee on Industrial Ideals: 

“Engineering education, reflecting closely the attitude of engi- 
neers, heretofore has confined its work almost exclusively to scientific 
and technical training, giving little, if any, attention to the social 
and human aspects of engineering enterprises. The American En- 
gineering Council, therefore, speaking for the engineering profes- 
sion, urges upon engineering colleges an increased attention to the 
social aspects of engineering activities, and a broadening of their 
technical training, in every way possible, to develop in engineering 
students the spirit of, and a capacity for, active leadership, not only 
in industry, but in public affairs.” 

Mr. Miller’s semipublic services were varied. In 1906, he was 
elected a Fellow of the American Association for the Advancement of 
Science, affiliated with the sections on Social and Economic Sciences 
and on Engineering. 

In 1907, when simplified spelling was a current debate, Andrew 
Carnegie sought out Mr. Miller as a practical member for the group 
which was investigating the possibilities of furthering this movement. 
Mr. Miller remained a member of the Simplified Spelling Board for 
many years and was outstanding among those whose loyalty kept 
the movement alive and functioning. 


TRIBUTES oF His FRIENDS 


Naturally, his services in so many causes could not go unrecognized 
His coliaboration with Gantt in achieving one of the first applica- 
tions on a large scale of the principles of scientific management led to 
the award on April 8, 1930, of the Gantt Gold Medal, founded in 
honor of his former partner and presented for ‘‘distinguished achieve- 
ment in management.’’ This was by joint action of the A.S.M.P. 
and the Institute of Management. 

Mr. Miller’s death resulted from a fall that occurred at his home. 
The interment of his body, beside that of his wife, whose death pre- 
ceded his by one year, was in « small Quaker cemetery at the top of 4 
hill at Solebury, Pa., a quiet spot where there are no monuments, but 
great peace and dignity, befitting his gentle personality and his en- 
during spirit. 

His lasting monument is in the minds of men who knew him and 
worked with him and in the legacy of a philosophy based on the 
following general propositions: 
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(1) “That if employers, bankers, politicians, and pretty much 
everybody else can have their organizations for joint action in their 
interest, then working people may properly do the same. 

(2) ‘That we can employ no angels, but must be satisfied with 
plain human beings as we find them. 

(3) ‘‘That most people, whether employers or employees, can be 
reasoned with and gotten along with, without being clubbed into 
submission, and the results thus obtained are very much better. 

(4) “That it is clear that both employers and employees will be 
better off in every way when they come to a reasonable agreement 
based upon sound business principles and the ‘live and let live’ 
policy.” 

L. W. Wallace, a close personal friend of many years, said of him: 

“Mr. Miller was a source of constant inspiration to me because of 
his admirable personal characteristics. He was gentle, yet forceful; 
he was patient, yet effective; he was true to his convictions, yet 
kindly and considerate; he was mindful of the weaknesses and foibles 
of man, yet sympathetic and forbearing. These characteristics pre- 
dominated and fashioned his every thought and action. It is no sur- 
prise therefore that he held the esteem and affection of scores of men 
in all walks of life. This was the illustrious crown which he wore, 
and wore with such becoming grace and dignity. He was able to do 
this because he was a noble man.” 

Typical of the universal regard in which he was held by all who 
knew him is this tribute from Herbert Hoover: 

“Fred J. Miller was my friend of long years standing. Our first 
association arose over the investigation and publication of the re- 
port on ‘Waste in Industry,’ issued in 1920. This was the first sub- 
stantial illumination made of this great subject. It had a profound 
effect on the whole development of the industries after that time. 
Throughout the succeeding years I have been in touch with him from 
time to time. Because of his fine public service and because of his 
engineering qualities and his fine sense of public obligation, his loss 
was a great one to the country as a whole as well as to the engineering 
profession."" [Memorial biography prepared by a committee con- 
sisting of WaLLace CLARK, New York, Chairman, Morris L. Cooke, 
Philadelphia, H. Cotvin, New York, GeorGe M. Forrest, 
Rye, N.Y., and R. A. Wentwortn, New York. A separate printing 
of the biography, in book form, contains lists giving the sources of 
quotations within the biography and Mr. Miller’s articles and ad- 
dresses published in the A.S.M.E. Transactions and elsewhere, to- 
gether with excerpts from his writings. | 


NELSON ARMSTRONG MINER (1885-1937) 


Nelson Armstrong Miner, power-station superintendent for the 
Central Power & Light Co., Corpus Christi, Texas, died on Septem- 
ber 7, 1937, from a heart attack. 

Mr. Miner, the son of Malcolm Ide and Ella A. (Cook) Miner, was 
born on May 18, 1885, at Hematite, Mo. He was educated in public 
schools in Missouri and by a course in steam engineering through the 
International Correspondence Schools. In 1901 he started work 
with the Pittsburgh Plate Glass Company, Crystal City, Mo., where 
he worked as boiler helper, fireman, machinist’s helper, oiler, and 
operating engineer with various types of Corliss and high-speed en- 
gines. From 1906 to 1909, he was employed by the Black Mountain 
Mining Company, Magdalena, Sonora, Mexico, as operating en- 
gineer in their 2000-kw steam-turbine generating station; from 1909 
to 1910, he was chief engineer of the same plant. In 1910 and 1911, 
he was employed in the central station of the Copper Queen Consoli- 
dated Mining Company, Bisbee, Ariz. This was followed by some 
months’ work as erection engineer in the Turbine Department of 
the General Electric Company, Schenectady, N.Y., and another 
short period with the Miami Copper Company, Miami, Ariz., as 
chief engineer of their power station, a 6000-hp plant. 

In September, 1911, Mr. Miner was employed by the Illinois Trac- 
tion System, Riverton, Ill., as chief engineer of their Riverton power 
Station, consisting of cross-compound Corliss engine, Curtis and Allis- 
Chalmers Parsons’ type turbines. During 1914, he was responsible 
for the complete installation of a 6000-kw unit in this station, and in 
1915, he designed and built a regulator for stokers and dampers for 
which he was granted a patent. Mr. Miner continued as chief en- 
gineer of the Riverton Power Station until 1923, having charge of ex- 
tensive maintenance and enlargement work on the company’s various 
plants located in Jacksonville, Cairo, Champaign, and Galva, IIl. 
From 1923 to 1925, after the Illinois Traction System was reorganized 
as the Illinois Power & Light Corp., Mr. Miner was appointed tur- 
bine inspector, in addition to his other duties. 

In the spring of 1925, he resigned his position with the Illinois 
P ower & Light Corp., and after a vacation, started in as resident 
engineer for Sargent & Lundy at San Benito, Texas, in charge of the 
construction of a modern high-pressure steam-turbine station for 
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the Central Power & Light Co. at San Benito. Upon the completion 
of this station in 1927 he became superintendent of all power stations 
of the Central Power & Light Co., with general office at that time in 
San Antonio. In 1932 the general offices were moved to Corpus 
Christi, where Mr. Miner continued his duties as superintendent of 
power until his death. 

Mr. Miner married Elizabeth R. Hulet of St. Louis, Mo., in 1910, 
and he is survived by her and two children, Nelson A., Jr., and 
Elizabeth R. Miner. 

In 1920, he joined the A.S.M.E. as an associate-member, and was 
promoted to member in 1929. He was also a 32nd degree Scottish 
Rite Mason, and a Shriner. 


WALTER WILLIAMS OGIER, JR. (1897-1938) 


Walter Williams Ogier, Jr., executive vice-president of Pure Car- 
bonic, Inc., a subsidiary of the Air Reduction Company, Inc., New 
York, N.Y., died on December 28, 1938. He was born in Thomas- 


.ton, Maine, on February 23, 1897, a son of Walter Williams and 


Adelaide (Hahn) Ogier. He prepared for college at high school in 
Pasadena, Calif., and was graduated from the Throop College of 
Technology (California Institute of Technology) in 1919 with a B.S. 
degree. In 1917-1918 he spent about five months as an instructor in 
a school for machinist’s mates (aviation) at the Naval Air Station, 
San Diego, Calif., his rating being Machinist’s Mate, Ist class, 
U.S.N. He was discharged early in 1919 as a Flight Midshipman. 

Mr. Ogier had some early engineering experience with the Pacific 
Electric Railroad, Los Angeles, in connection with block signaling 
and interlocking, and with E. L. Ellingwood, consulting engineer, 
Los Angeles (Mem. A.S.M.E.), as designer on heating and ventilat- 
ing systems. In 1921 he returned to the California Institute of 
Technology as an instructor in the Department of Mechanical En- 
gineering and continued in that position until 1930. During this 
period he did outside engineering work, including heating and ven- 
tilating engineering, the design of a cyanide plant for the recovery of 
gold at Jarbidge, Nev., and three months’ service on a railroad loca- 
tion party for the Maderia Sugar Company. 

He also devoted considerable time to the development of original 
equipment for the manufacture of solid carbon dioxide. Early in 
1929, together with David A. Marcus and H. 8. Cornish, he organ- 
ized a California corporation known as Seeo, Incorporated, intended 
as a holding company for the patent rights and all the devices, proc- 
esses, and apparatus originated or controlled by them. In April, 
1929, they formed the Nu-Ice Company, Los Angeles, of which Mr. 
Ogier was vice-president. A year later Mr. Cornish sold his in- 
terests in the firm to his associates and in June, 1930, Mr. Ogier 
resigned his position at the California Institute of Technology to 
devote all his time to the business. “e was in charge of the design 
and construction of three commercial plants for the manufacture of 
solid carbon dioxide and subsequently was in charge of their opera- 
tion. In March, 1935, he went to New York to become consulting 
engineer for Pure Carbonic, Inc., directing its engineering activities, 
including the design of a plant for the manufacture of solid carbon 
dioxide at Newark, N.J. He was made vice-president in April, 1936, 
and executive vice-president in September, 1937. He was also ex- 
ecutive vice-president of Dry Ice, Inc., another branch of the Air 
Reduction Company. He had taken out three United States pat- 
ents, one on a device for forming and storing solid carbon dioxide, 
and two on apparatus for forming refrigerant blocks. 

Mr. Ogier became a junior member of the A.S.M.E. in 1921. He 
allowed his membership to lapse in 1924, but was reinstated as a 
member in July, 1928. He married Aileen Vera Polhamus, of Avalon, 
Calif., in 1924, and is survived by her and their three children, Walter 
Thomas, Kathryn Claire, and Elizabeth Ann. 


ARTHUR K. OHMES (1874-1937) 


Arthur K. Ohmes was born at Goslar, Germany, on January 29, 
1874. He attended a private technical school in that place and the 
technical institute in Strelitz, Germany, and served an apprentice- 
ship with A. Niens, builder, in Goslar, in the summers of 1900 and 
1901. In the summer of 1892 he began work in the drafting room of 
the Royal Prussian Railroads, with which he continued for about a 
year. From August, 1893, to October, 1894, he was employed by a 
Mr. Liining, in Braunschweig, Germany, in the design and installa- 
tion of heating and ventilating plants. Subsequently, through 
June, 1896, he engaged in similar work for Rudolph Otto Meyer in 
Hamburg, Germany. 

Mr. Ohmes came to the United States in July, 1896, and was em- 
ployed by Alfred R. Wolff, consulting engineer, New York, N.Y., in 
connection with steam power, heating, and ventilating plants. In a 
short time he became one of Mr. Wolff’s principal assistants and he 
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continued to be associated with him until Mr. Wolff’s death in 1909. 
For an account of the important work done by Mr. Wolff, in which 
his assistants participated, see his obituary in Transactions, A.S.M.E., 
vol. 31, 1909, pages 1055-1057. 

After the death of Mr. Wolff, Mr. Ohmes became a member of the 
successors to his firm, Nygren, Tenney & Ohmes (later Tenney & 
Ohmes, Inc.), with which he continued until his death on February 
18, 1937. 

Mr. Ohmes became a member of the A.S.M.E. in 1909. He 
served as a member of the Sectional Committee on the Standardiza- 
tion of a Scheme for Identification of Piping Systems, as the repre- 
sentative of the American Society of Heating and Ventilating Engi- 
neers, from its formation in June, 1922, until his death. 

Two sons and a daughter survive Mr. Ohmes. 


JOHN LESTER OSGOOD (1854-1939) 


John Lester Osgood, president, treasurer, and general manager of 
the J. L. Osgood Machinery & Tool Co., Inc., Buffalo, N.Y., died on 
November 21, 1939, of lobar pneumonia. 

Mr. Osgood was born on October 14, 1854, at Rushford, Allegany 
County, N.Y., son of John Lesier and Parmelia Brown (Benjamin) 
Osgood. Left an orphan when he was four years old, he was taken 
to live with relatives in New Britain, Conn. During his school years 
he did farm work, delivered papers, and helped in other ways to earn 
his living, and between the ages of twelve, when he left school, and 
nineteen he was employed by Landers, Frary and Clark, P. and F. 
Corbin, and the Stanley Works, all of New Britain, in various ca- 
pacities. 

In 1873 Mr. Osgood began a four-year apprenticeship as a tool- 
maker with the American Hosiery Company, New Britain. He 
studied drafting at the Whitcomb and Green night school, New 
Britain. After the completion of his training he was employed, in 
1878, by the New Britain Bank Lock Company, designing and build- 
ing cartridge-loading machines. Following that he was associated 
with Elihu Thomson in design and toolroom work at the factory of 
the American Electric Company at New Britain. 

Mr. Osgood began work in Buffalo in 1881 with the W. W. Oliver 
Manufacturing Co., designing and building jewelers’ machinery. 
The following year he became general superintendent of the Buffalo 
Forge Company, where his work included the design of forges and 
blowers, punches and shears, drilling machinery, and other items. 
In 1886 he designed and put into production a line of carpenters’ bit 
braces for the Saxton Manufacturing Company, of Buffalo. 

Upon the completion of this work Mr. Osgood took charge of the 
Mechanical Department of R. Hoffeld & Co., Buffalo, designing tools 
and machinery for making washers and organizing a department for 
the sale of a general line of machine tools. He became managing 
partner of the business, in which he continued until 1899, when he 
took the position of manager for Pratt & Whitney Co. and Niles- 
Bement-Pond Company, in charge of their Western New York and 
Canada branches, with headquarters in Buffalo. He established his 
own business in 1902, manufacturing and merchandising specialties 
in hand tools and equipment for general manufacturing use. He had 
patented an indestructible file, tool handles, safety file grips, and an 
auto theft protector. 

Mr. Osgood had been a member of the A.S.M.E. since 1898. He 
was a member of the Buffalo Chamber of Commerce, the Kiwanis, 
Central Railway, and Transportation clubs, of Buffalo, and the 
Masonic fraternity. He was a life member of Erie Lodge 161, F. & 
A.M., Lake Erie Commandery, Knights Templar, and Buffalo Key- 
stone Chapter 71, Ismalia Temple, A.A.O.N.M.S. 

A lieutenant for six years in the Connecticut Volunteers Regiment 
of the National Guard, New Britain, during his residence there, he 
won a number of medals and awards for marksmanship. 

Mr. Osgood’s wife, Haitie Annis (Capen) Osgood, whom he married 
in 1875, died in 1936. He is survived by a daughter, Alice (Osgood) 
Hamilton, of Buffalo. 


MICHAEL O’TOUSA (1891-1938) 


Michael O’Tousa, machine designer and checker for the National 
Tube Company, at Ellwood City, Pa., died at his home there on June 
20, 1938, after an illness of several weeks. He was born in New York, 
N.Y., on September 19, 1891, the son of Vincent and Vincinzina 
(Catalano) O’Tousa. He obtained his technical education in the 
Carnegie Technical Schools, Pittsburgh, Pa., and through the Inter- 
national Correspondence Schools. 

After leaving school he spent six months with the Youngstown Sheet 
& Tube Co., Youngstown, Ohio, as a tracer. From June, 1912, until 
September of the following year he was detailer and tracer for the 
American Sheet & Tinplate Co., Vandergrift, Pa. He then entered 
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the employ of the National Tube Company, with which he was con- 
nected continuously the remainder of his life. His work as machine 
designer and checker comprised the whole field of seamless-tube 
manufacturing, although he dealt particularly with heavy machinery. 
He supervised work in the field when occasion arose. 

Mr. O’Tousa became an associate-member of the A.S.M.E. in 
1919 and was promoted to the member grade in 1925. He was also a 
member of the Foreman’s Club of Ellwood City. He is survived by 
his widow, Nancy (Tumminello) O’Tousa, whom he married in 1912, 
and by two sons, Joseph and Anthony, and four daughters, Jeanette, 
Helen, Mary, and Anna Marie O'Tousa. 


WILBUR CHARLES PAGE (1910-1938) 


Wilbur Charles Page, an employee of the Texas Pipe Line Com- 
pany, Houston, Texas, died at Nacogdoches, Texas, on November 6, 
1938, of colitis, following an operation for appendicitis. He was 
born at Hesston, Kansas, on September 27, 1910, son of Lawrence 
Samuel and Alice (Spangler) Page, and prepared for college at the 
Hesston Academy. He was graduated from the Kansas State Col- 
lege in June, 1938, with a B.S. degree in mechanical engineering. He 
was a member of the A.S.M.E. Student Branch at College and trans- 
ferred to junior membership in the Society upon graduation. 

Mr. Page entered the employ of the Texas Pipe Line Company 
immediately after completing his college work, as a junior engineer, 
and was assigned to the task of testing pressure gages. 


FRANKLIN ATWOOD PARK (1868-1938) 


Franklin Atwood Park, vice-president and a director of The Singer 
Manufacturing Company, New York, N.Y., died at his summer 
home, Penzance Point, Woods Hole, Mass., on June 17, 1938, of 
coronary thrombosis followed by pneumonia. He was a native of 
Taunton, Mass., where he was born on January 22, 1868, son of John 
Francis and Catherine Amelia (Parlow) Park. He secured his early 
education in the Taunton schools and after graduation from high 
school learned the cabinetmaker’s trade with his father. He then 
spent four years in Florida, the last two as foreman of an orange 
plantation, where he did considerable surveying and mapping. A 
meeting with a professor from the Massachusetts Institute of Tech- 
nology led him to return to Massachusetts, borrow money for his 
tuition, and enter the Institute. He worked in local machine shops 
during his summer vacations to help pay his expenses. He was 
graduated with an 8.B. degree in 1895 and was employed by Baxter 
D. Whitney & Son, Winchendon, Mass., as a machinist for a year and 
then as assistant superintendent. In the fall of 1898 he was put in 
full charge of the foundry, in addition to his duties as assistant in 
the other departments. He remained with the firm until 1901 and 
was responsible for the origin and development of some of its proc- 
esses and carried on research work for the betterment of operation at 
the plant. 

Mr. Park became associated with The Singer Manufacturing Com- 
pany in 1901 as works manager of its South Bend, Ind., plant, and 
in 1904 was appointed managing director of The Singer Manufactur- 
ing Co., Ltd., at Clydebank, Scotland. He remained there until 
1912, when he returned to the United States to take over the duties 
of vice-president and a director of The Singer Manufacturing Com- 
pany, Nev York. In this capacity, he had charge of all Singer fac- 
tories in the United States and Canada, as well as abroad, together 
with operations at the company’s timberlands. He was also vice- 
president of the company’s Electrical Division, the Diehl Manufac- 
turing Company. 

Other companies with which Mr. Park was connected were the 
Poinsett Lumber & Manufacturing Co. and Bourne. & Co., Ltd., of 
New York, both of which he served as vice-president. He was presi- 
dent of the Safe Deposit Company of New York. 

Mr. Park became a member of the A.S.M.E. in 1900. He was a 
life member of the Corporation of the Massachusetts Institute of 
Technology and a member of the Newcomen Society and Society of 
Antiquaries of Scotland. He was a trustee of the Broadway Taber- 
nacle Church, New York. His clubs included the Helensburg Golf 
Club of Scotland; Athletic, Lotos, and Technology clubs in New 
York; and the Quissett Yacht and Woods Hole Yacht and Woods 
Hole Golf clubs of Massachusetts. 

In 1896 Mr. Park married Mary Fairbanks Bosworth, of Taunton, 
whose father was a member of the Massachusetts State Legislature. 
Mrs. Park lived only sixteen months after her husband died, her 
death occurring on October 30, 1939. Their three children are Mal- 
colm Sewell Park, of Mt. Kisco, N.Y., Marjorie Lincoln Park (Mrs. 
Gerard Swope, Jr.), of Southport, Conn., and Franklin Atwood 
Park, Jr., of Westfield, N.J. 
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HANS RABLE (1903-1938) 


Hans Rable, engineer in charge of design for the Enterprise Manu- 
facturing Company of Pennsylvania, Philadelphia, Pa., died suddenly 
on September 2, 1938. Mr. Rable (nee Rabl) was the son of Dr. 
Johann and Josephine Rabl, and was born in Innsbruck, Austria, on 
August 5, 1903. He was educated in the Volks Schule and Real 
Schule, both in Innsbruck, and at the technical university of Vienna, 
Austria, where he completed his studies in July, 1927, and received a 
degree in mechanical engineering in March, 1929. 

Mr. Rable was employed by Siemens & Halske A.G., in Vienna, 
from the first of November, 1927, until the first of December, 1929. 
serving as production engineer and assistant to the works manager, 
In addition to supervising the manufacture of small parts for the 
electrical and mechanical apparatus made by the company, he de- 
signed gages, fixtures, and other equipment, and taught fundamental 
mathematies, physies, and mechanies to apprentices of the com- 
pany. 

After leaving this company’s employ, Mr. Rable came to the 
United States and in January, 1930, obtained work with the Rath- 
bun-Jones Engineering Company, Toledo, Ohio, as draftsman on 
layouts and details for Diesel engines. He remained with the com- 
pany until September 1, 1930, when he became associated with the 
Toledo Scale Company, engaging in the development of new devices. 
He resigned this position in December, 1935, to carry on similar work 
for the Enterprise Manufacturing Company, with whieh he was con- 
nected at the time of his death. 

Mr. Rable became « junior member of the A.S.M.E. in 1931. He 
was also a member of the Oesterreichiseher Ingenieur- und Archi- 
tecten-Verein, Austrian society of engineers and architects. 


ROBERT TYLER REEDER (1917-1939) 


Robert Tyler Reeder, draftsman for the Birdsboro (Pa.) Steel 
Foundry & Machine Co., died on December 17, 1939, as the result 
of a collision between a passenger car in which he was riding and a 
truck, near Daytona Beach, Fla. 

Mr. Reeder was born on August 16, 1917, in Eugene, Ore., the son 
of Robert Patterson and Rosa May (Tyler) Reeder, both of whom 
survived him. He prepared for college in the Central High School 
and at the Sidwell’s Friends School, Washington, D.C., and attended 
Duke University in 1934-1935. He then entered Yale University 
as a sophomore in the mechanical-engineering course. He was a 
member of the university crew squad in his sophomore, and was cox- 
swain of the Saybrook College crew in his junior year. He was as- 
sistant manager in his junior year and manager in his senior year of 
the Yale rifle team, and for six months in his junior year was on the 
business board of the Yale Scientific Magazine. In addition to these 
extracurricular activities he spent considerable time during his last 
two years at Yale in drafting work and in tasks for the university 
to help defray his expenses. In spite of this, he maintained a high 
scholastic standing. He was graduated in June, 1938, with a B.E. 
degree. 

A member of the A.S.M.E. Student Branch at Yale, Mr. Reeder 
transferred to junior membership in the Society following his gradua- 
tion. He was also a member of the Yale Engineering Association 
and of the Society of American Military Engineers. He attended the 
Central Presbyterian Church, of Washington, D.C., and was un- 
married. 

Mr. Reeder worked as a draftsman in the Hydraulic Engineering 
Department of the Birdsboro Steel Foundry & Machine Co. during 
the summer vacations of 1936 and 1937, and returned to the employ 
of the company upon the completion of his college course. 


WALTER REID (1897-1938) 


Walter Reid, president and chairman of the board of the Southern 
Union Gas Company, Dallas, Texas, and a director in a number of 
other companies in the natural-gas field, died suddenly of a heart 
attack at his home in that city on November 4, 1938. He is survived 
by his widow, the former Ruth 8. Turk, of Dallas, whom he married 
in 1926, and by two children, Walter D. and Ruth C. Reid. 

Mr. Reid was born in Dallas on December 19, 1897, son of Walter 
and Ella (Cole) Reid. He was graduated from the Central High 
School of Dallas in 1915 and the following year began work with the 
Oklahoma Natural Gas Company, Tulsa, where he was employed in 
the meter, chart, and production departments until July, 1921, as 
Manager of the production department the latter part of the time. 
His work included laboratory research on the properties of gases and 
oils and he became familiar with the measurement of gases and flow 
of fluids. In August, 1921, he became supervisor of gas measure- 
ment for the Lone Star Gas Company, of Dallas, having charge of 
the company’s system in Oklahoma and Texas. He developed the 
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wide-range type of orifice meter, Reid vapor-pressure apparatus, and 
Lone Star process of regulating heat value of gas. 

Early in 1926 Mr. Reid went into consulting engineering work on 
petroleum, gasoline, and natural gas as senior partner in the firm of 
Reid & Bartlett, of Dallas. He became vice-president and general 
manager of the Southern Union Gas Company in 1929, its president 
in 1933, and chairman of the board in May, 1938. 

Mr. Reid was elected a junior member of the A.S.M.E. in 1921, 
promoted to the grade of associate-member in 1926, and automati- 
cally transferred to member in 1935. He was also a member of the 
American Institute of Mining and Metallurgical Engineers, American 
Association for the Advancement of Science, American Petroleum 
Institute, American Gas Association, and Royal Society for the En- 
couragement of Arts, Manufactures, and Commerce, of London, 
England. 


MYRON WESLEY RICE (1882-1938) 


Myron Wesley Rice, sales engineer in the Industrial Division of 
the Memphis Power & Light Co., Memphis, Tenn., died suddenly 
of a heart attack on July 26, 1938, in Vicksburg, Miss., while driving 
his car with his family on a vacation trip. 

Mr. Rice was born in Worcester, Mass., on July 24, 1882, the son 
of Edwin Frank and Martha Etta Rice. He prepared for college in 
the Worcester schools and was graduated from Columbia University 
with an M.E. degree in 1909. During the summer of 1908 he made 
an investigation and report on the Lincoln Power Station of the Bos- 
ton Elevated Street Railroad, and much of his work during the re- 
mainder of his life was in this general field. Following his gradua- 
tion he entered the employ of the New York Central Railroad as 
engineering assitant to the superintendent of the Port Morris and 
Yonkers power stations. His duties included tests of equipment and 
efficiency studies. 

In 1911 Mr. Rice was employed as erecting and testing engineer 
by the American Engineering Company, of Philadelphia, Pa., manu- 
facturers of the Taylor stoker. He was advanced to the position of 
assistant construction engineer at the end of his first year with the 
company and a year later was transferred to testing and experi- 
mental work. He left the company in 1917 to work for the Columbia 
Chemical Company, Barberton, Ohio, as mechanical engineer in the 
Light, Heat, and Power Department. Here also he engaged in ef- 
ficiency studies. From 1919 to 1933, he was in the employ of the 
Electric Bond & Share Co., of New York, N.Y., as plant betterment 
engineer, being stationed for short periods on properties owned and 
operated by this company in Minnesota, Nebraska, Arkansas, Ten- 
nessee, Mississippi, and Louisiana, making studies and reports to 
improve operation and reduce station costs. 

In 1933 Mr. Rice joined the staff of the Memphis Power & Light 
Co. as power sales engineer, and he remained with this company up 
to the time of his death. He made studies and reports on purchased 
versus manufactured electric power and engaged in selling utility 
power to isolated plants. To aid kim in this work he took a course 
in the General Electric Air Conditioning Sales School, graduating in 
1935. 

Mr. Rice was elected a junior member of the A.S.M.E. in 1911 and 
was promoted to the member grade in 1921. He was active in the 
Memphis Section of the Society, serving as chairman of its executive 
committee in 1929-1930 and again in 1936-1937 and as vice-chairman 
the following year; his second period on the committee began in 
1933. He was made an honorary member of the National Associa- 
tion of Practical Refrigerating Engineers in 1935. He also belonged 
to the Engineers’ Club and Jackson Avenue Civie Club, of Memphis, 
and served as assistant secretary of the Council of Civie Clubs of 
Memphis in 1937. He was a member of the First Congregational 
Church of that city. 

Mr. Rice married Bessie M. Katchmark, of Mt. Pleasant, Pa., in 
1915, and is survived by her and their daughter, Bertha Elizabeth, 
as well as by a sister, Mrs. Bertha Edna Sturgie, of Oakdale, Mass. 


DAVID WENTWORTH ROBB (1856-1938) 


David Wentworth Robb, a native and lifelong resident of Amherst, 
Nova Scotia, Canada, died there on February 22, 1938. He was 
born on May 9, 1856, a son of Alexander and Emeline (Logan) Robb, 
and after his early education in the Amherst schools he was appren- 
ticed from 1874 to 1877 in the foundry and machine shops founded 
by his father. In 1877 he was made superintendent of the company 
and two years later senior acting partner of the firm of A. Robb and 
Sons. In 1880 he became president of the Robb Engineering Com- 
pany Limited (now a subsidiary of the Dominion Bridge Company, 
under the name of the Robb Engineering Works, Limited). Mr. 
Robb served as president of the Robb Engineering Company from 
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1880 to 1912 and as manager of the Robb Engineering Works from 
then until his retirement in 1925, after which date he was a director 
of the organization. He was also president of the Robb-Mumford 
Boiler Company from 1906 until it was merged with the Robb En- 
gineering Company in 1910. He was the inventor of a heater for 
residences, a fuel carburetor, and the Victory heating boiler, and co- 
patentee of the Robb-Armstrong variable-cutoff flywheel governor 
for steam engines. 

Mr. Robb was elected a member of the A.S.M.E. in 1888, and was 
one of a group of members who participated in a trip to England the 
following year. He became a member of the Canadian Society of 
Civil Engineers in 1894 and a life member of its successor, The En- 
gineering Institute of Canada, in 1936. He was a member of the 
Engineers Club of Montreal and of the Masonic order, from which 
he had received a fifty-year medal. 

In 1934-1935 Mr. Robb was maritime representative on the Cana- 
dian Government Commission which made an adverse report on the 
construction of a canal across the Chignecto Isthmus connecting 
New Brunswick and Nova Scotia. He was mayor of Amherst in 
1906 and a member of its Town Council for two terms. He was also 
at one time president of its Board of Trade. He prepared a history 
of Amherst industries for presentation before the Amherst Com- 
mercial Club in 1921. 

Mr. Robb’s wife, Ida Seaman (Tupper) Robb, whom he married 
in 1882, died in 1936. Surviving him are a daughter, Ellen Vera 
(Mrs. Gerald D.) Bliss, of Altoona, Pa., and a son, David Wendell 
Robb, of Bethlehem, Pa. Another son, Roland Wentworth Tupper 
Robb, died in 1929. 


WILLIAM ERNEST SCHOENBORN (1865-1938) 


William Ernest Schoenborn, patent expert and solicitor, whose 
death occurred in Washington, D.C., on June 5, 1938, was born in 
that city on March 8, 1865, son of Henry F. and Anna M. Schoen- 
born. He secured his early education in Washington, then entered 
the Stevens Institute of Technology, from which he was graduated 
with an M.E. degree in 1887. In 1894 he was graduated from the 
National University of Law, in Washington, and two years later the 
degree of Master of Patent Law was conferred upon him by the Co- 
lumbian University of Jurisprudence and Diplomacy (now George 
Washington University). 

From 1888 to 1903 Mr. Schoenborn was an examiner in the U.S. 
Patent Office. During these fifteen years he served successively in 
divisions relating to milling and threshing machines; metallurgy, 
electrochemistry, and gas manufacture; and steam engineering. He 
resigned in 1903 to practice patent law. In addition to his regular 
practice, which included the solicitation of patents and service as 
counselor in patent legislation and expert in patent cases, he also 
found time to visit the leading industrial plants of the United States, 
Germany, England, Austria, and Italy; to inspect the technical 
museums of England and Germany; and to study the patent sys- 
tems of England, Germany, France, and Austria. He continued the 
active practice of patent law until his death. 

Mr. Schoenborn was elected to junior membership in the A.S.M.E. 
in 1891 and was promoted to the grade of member in 1913. He was 
a charter member of the Washington (D.C.) Society of Engineers, a 
member of the Entomological Society of Washington, the National 
Geographic Society, and Chi Psi fraternity. 

He is survived by hi: widow, Edna Leeds (Sandford) Schoenborn, 
formerly of Chelsea, Mass., whom he married in 1924. 


DUDLEY HUMPHREY SCOTT (1887-1938) 


Dudley Humphrey Scott, one of the directors of the Humphrey 
Company, who operate Euclid Beach Park, of Cleveland, Ohio, and 
widely known in the amusement field, died at the Glenville Hospital 
in that city on March 4, 1938, following a heart attack. He had 
been in poor health for some months. 

Mr. Scott was born in West Clarksfield, Ohio, on January 30, 1887, 
and moved to Cleveland with his parents as a boy. He attended the 
East High School of that city and in 1908 was graduated from the 
Case School of Applied Science with an M.E. degree. He was an 
outstanding football player at both schools. 

He was a nephew of D. S. Humphrey, founder of Euclid Beach 
Park and of the Elysium of Cleveland, and following his graduation 
Mr. Scott went to work for his uncle in these enterprises. From 1911 
to 1915 he was engaged on the design of various amusement devices 
for the Humphrey Company, and in 1915 was appointed to the posi- 
tion of chief engineer of that company. In addition to the develop- 
ment of many new entertainment features, he made various improve- 
ments in refrigerating machinery used by the company. During 
1917-1919 he served the U.S. Shipping Board as chief inspector of 
refrigerating machinery. 
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Mr. Scott became a member of the A.S.M.E. in 1929 and had been 
active in the affairs of the Cleveland Section, serving as its vice- 
chairman in 1932 and as treasurer in 1933-1934. He was also a 
member of the Cleveland Engineering Society, which he joined in 
1917. He was a member of its Board of Trustees from 1926 to 1932, 
and served the society successively as treasurer, vice-president, and 
(1929-1930) president. At the time of his death he was chairman 
of the Regional Planning Division, the Past-President’s Division, 
and the Nominating Committee. He had also served as an officer of 
the National Amusement Association. 

Mr. Scott was much interested in photography and his movies and 
colored slides had been enjoyed by many of his associates. For 
many years he kept a car with complete camping equipment and 
visited many out-of-the-way corners of the Western United States 
He had made one trip to Europe, and was planning to make a trip 
around the world. 

Mr. Scott’s wife predeceased him by five years, leaving three 
children, Marian, Carol, and David, who survive their father. 


JOHN WILLIAM SCOTT (1863-1938) 


John William Scott, who retired in August, 1938, as superintendent 
of the Arbuckle Brothers sugar refinery in Brooklyn, N.Y., died on 
November 8 of that year of a heart attack at his farm in Appomat- 
tox, Va. 

Mr. Scott was born on April 7, 1863, at Limavady, County Derry, 
Ireland, the son of John McCartney and Margaret Susan (Gee) 
Scott. His preliminary education was obtained in the Malin Na- 
tional School, Malin, County Donegal, Ireland, followed by two years 
at Londonderry Academy and two years under a private tutor in 
Dublin. Later this was supplemented by further private study and 
correspondence courses in the United States. 

Mr. Scott became associated with the sugar-refining industry in 
1887, after having worked as a clerk for the Metropolitan Life In- 
surance Company, New York, N.Y., for about three years. For 
ten years he was superintendent of the Brooklyn Sugar Refinery. 
In 1897 he entered the employ of the New York Sugar Refinery, 
Long Island City, N.Y., and he served this company until 1906, his 
work including instruction of draftsmen, inspection of works, and 
superintendence of machine shops; from 1900 to 1906 he was first 
assistant superintendent of the refinery. In 1906-1907 he was en- 
gaged in laying out, erecting, and equipping machine shops for the 
Warner Sugar Refining Company at Edgewater, N.J., and he re- 
mained as superintendent of that refinery until 1910. From then 
until his retirement in 1938 he was superintendent of the Arbuckle 
refinery in Brooklyn. He had taken out, and transferred to the 
Arbuckle Brothers, several patents for manufacturing instant coffee. 

Mr. Scott became a member of the A.S.M.E. in 1907 and was also 
a member of the American Chemical Society and of Tusean Lodge, 
F. & A.M., of Englewood, N.J. He became a naturalized citizen of 
the United States in 1891. His wife, Henriette Edna (Doscher) 
Scott, died on September 8, 1938. Two sons and a daughter sur- 
vive them: Walter W. Scott and Mrs. Wynne 8. Sears, of Appomat- 
tox, and John W. Scott of Jamaica, L.I., N.Y. 


FERDINAND L. SMITHE (1869-1938) 


Ferdinand L. Smithe (nee Schmidt), president of the F. L. Smithe 
Machine Co., Inc., New York, N.Y., died in that city on October 1s, 
1938. He was born in New York on March 26, 1869, son of August 
Adam and Marie (Schwab) Schmidt. (The name was changed to 
Smithe in 1918.) He supplemented his public-school education 
with courses at Cooper Union. His early experience in machine 
building was secured under Theodore Eherenberg and Edward Er- 
mold and the Garvin Machine Company, New York, and at the 
Taylor Iron and Steel Works, High Bridge, N.J. His first venture 
into business for himself, in 1891-1893, was in connection with ma- 
chinery for making confectionery. 

In 1898 Mr. Smithe took up machine building in association with 
George J. Hicks, under the firm name of Hicks and Schmidt. They 
invented and constructed automatic flour and water weighing ma- 
chines, flour-blending machines, for the use of bakers, and confee- 
tionery machinery of several kinds. Mr. Smithe sold his share in 
the business to Mr. Hicks in 1902 and in 1904 became associated with 
W. J. Beard, under the name of Schmidt & Beard. The F. L. 
Schmidt Co., which later became the F. L. Smithe Machine Co., Inc., 
was established in December, 1905, through the purchase by Mr. 
Smithe of Mr. Beard’s interest. Mr. Smithe specialized in machinery 
for manufacturing envelopes and bags and held numerous patents 
on this and other special machinery. 

Mr. Smithe had been a member of the A.S.M.E. since 1912 and 
also belonged to the National Association of Manufacturers. In 1892 
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he married Bertha A. Wehrle, who survives him, together with three 
children, Frank B. Smithe, Douglaston, L.I., who is carrying on his 
father’s business; Edgar A. Smithe, Rockville Centre, L.I.; and 
Rita (Smithe) Sengstaken, Scarsdale, N.Y. 


HORACE J. SNEDEN (1880-1938) 


Horace J. Sneden, superintendent of power plants for the Indian- 
apolis Power & Light Co., Indianapolis, Ind., died on March 18, 
1938, after nearly a year’s illness, from carcinoma. 

Mr. Sneden was born in Salem, Mass., on April 7, 1880, son of 
Jacob and Andrea D. (Smith) Sneden, and was educated in the Salem 
schools. In 1898 he was apprenticed to the Naumkeag Steam Cotton 
Company, Salem, and he had three years’ training in its machine shop 
and engine room. Later he was put in charge of the spinning room, 
where he remained until 1905. He then went to the Lynn, Mass., 
plant of the General Electric Company as a student engineer in the 
Testing Department, specializing in turbine design, application, and 
operation. He continued in the employ of the General Electric 
Company until 1926. From 1907 to 1911 he acted as construction 
foreman, installing a number of complete power plants and directing 
other construction work. During the remainder of the time he was 
stationed in the Indianapolis office of the company, where his duties 
related to general construction and commercial engineering. He was 
appointed superintendent of power plants for the Indianapolis Power 
«& Light Co. in 1926. 

Mr. Sneden was elected a member of the A.S.M.E. in 1928 and in 
1933 served as vice-chairman of the Indianapolis Section. He was 
also a member of the Masonic fraternity and a member and director 
of the Scientech Club, of Indianapolis. He had contributed several 
articles on power-plant operation to periodicals in the United States 
and Great Britain. He was greatly interested in Purdue University 
and took part in engineering activities there whenever opportunity 
offered. He regretted that he had not been able to attend the uni- 
versity, but was happy to have his son graduate from it. 

He is survived by his widow, Lillian Mae (Tyson) Sneden, whom 
he married in 1907, his son, Roger T. Sneden, a brother, Roger P. 
Sneden, and a sister, Mrs. Grace Budgell. His hobbies were radio 
and fishing; he was considered an exceptionally good fisherman. 


FRANK E. STAHL, JR. (1890-1938) 


Frank E. Stahl, Jr., industrial designer in charge of development 
and research for the Columbus McKinnon Chain Corporation and 
Chisholm-Moore Hoist Corporation of Tonawanda, N.Y., died sud- 
denly at his home in Tonawanda on August 14, 1938. 

Mr. Stahl was born in Getzville, N.Y., on January 13, 1890, the 
son of Frank E. Stahl, Sr., and Margaret (Klien) Stahl. He at- 
tended the public schools of Wendelville, N.Y., and later supple- 
mented this early education by extension courses in business manage- 
ment at La Salle Extension University. 

Prior to his connection with the Columbus McKinnon Chain Cor- 
poration Mr. Stahl worked for several years for the Great Lakes Con- 
struction Company, Buffalo, N.Y., as fireman and operator of ex- 
cavating machinery. He entered the employ of the Columbus Me- 
Kinnon organization in August, 1912, as a foreman. He had charge 
of all automatic machinery for both night and day shifts from 1913 
to 1918, at which time he was made superintendent of the entire 
plant at Tonawanda. In 1927 he was advanced to the position of 
mechanical manager of plants, and also put in charge of the Engineer- 
ing Department. The plants under his charge at that time were 
located at Tonawanda, Columbus, Ohio, and St. Catharines, Ont., 
Can. In 1928, when the company purchased the Chisholm-Moore 
Manufacturing Company, of Cleveland, Ohio, he was given the title 
of mechanical manager of plants. In 1935 he assisted in designing 
and supervising the erection of the plant in South Africa known as 
the McKinnon Columbus (S.A.) Ltd. He had taken out a number 
of patents, including those on the “Inswell’”’ chain welder, ring 
welders, chains, hoists, and automotive devices. 

Mr. Stahl became a member of the A.S.M.E. in 1930 and was ac- 
tive in the work of the Buffalo Section. He had served on the Board 
of Education of Tonawanda, and was a member of the Masonic 
fraternity. Surviving him are his widow, Lillie (Ensminger) Stahl, 
whom he married in 1911, a son, Harold F. Stahl, a daughter, 
Violet (Stahl) Smith, and a grandson, Timothy Edward Smith. 


SYDNEY J. STAPLE (1878-1938) 


Sydney J. Staple, master mechanic for the Homestake Mining 
Company, Lead, S.D., died on June 16, 1938. 

Mr. Staple was born near Falmouth, Cornwall, England, on March 
5, 1878, the son of John and Grace (Bray) Staple. He came to 
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America as a child and attended public schools in Lead until he was 
twelve years old. He then returned to England, where he continued 
his education in private and public schools for four years. In 1894 
1895 he served as an apprentice with R. Stephens & Son, manufac- 
turers of rock drills, during which time he took evening studies at 
the Cambourne Mining School. In later years he took further 
courses through the International Correspondence Schools. 

He was released from his apprenticeship in 1895 and returned to 
the United States with his parents. In October, 1896, he entered 
the employ of the Homestake Mining Company as an apprentice. 
working first on the erection of Corliss boilers and engines. In 
1897 he was transferred to the machine shop, where he learned to 
operate the various tools and machines. Later he engaged in work 
on engines, boilers, and general machinery throughout the mines. 
In 1909 he was made a draftsman in the Mechanical Engineering 
Department and in the following years helped to design many types 
of machinery required by the mines. He was appointed master 
mechanic on July 1, 1918, and in this capacity had charge of the 
Mechanical Department, including the machine, blacksmith, pat- 
tern, and auto-repair shops, and the foundry, as well as hoisting, 
pumping, and steam-power-plant equipment. 

Mr. Staple became an associate-member of the A.S.M.E. in 1916 
and was automatically promoted to the member grade in 1935. He 
married Lillian May Opie, of Falmouth, England, in 1903 and is sur- 
vived by her and a daughter, Grace E. M. Staple. He received his 
final citizenship papers on May 17, 1902. 


LOUIS WALDO STEVENS (1894-1938) 


Louis Waldo Stevens, works manager for Veeder-Root, Inc., of 
Hartford, Conn., died in that city on October 26, 1938. He was born 
at Marlboro, Mass., on July 24, 1894, the son of Oscar Herbert and 
Charlotte (Howe) Stevens. He attended Phillips Exeter Academy 
for three years and entered the Massachusetts Institute of Technology 
with the Class of 1916. He left college early in 1916 and for about 
nine months was employed by the General Radio Company, Cam- 
bridge, Mass., on research work on capacitance and inductance 
standards. Subsequently, for six months, he was engaged in the de- 
velopment of airplane radio telephones for the U.S. government at 
San Diego, Calif., and during the next two years he was with the U.S. 
Army Air Service, part of the time at Langley Field in charge of ex- 
perimental laboratories, and the remainder in France. There he 
was successively in charge of radio school tours; Air Service radio 
operations, Zone of Advance; and Air Service radio officer of the 
First Army. He handled tactical operations of the Air Service radio 
communications and did the most of the experimental air-service 
radio work at the front. He held the rank of captain. 

After leaving the service, Mr. Stevens was employed by the 
Koehler Manufacturing Company, Marlboro, for a number of years. 
He was connected with its Engineering Department for about a year 
and then was made general manager. While with the company he 
made an intensive study of quantity production of small pressed- 
metal and screw-machine parts, and developed a number of highly 
specialized automatic labor-saving machines. He resigned in 1924 to 
engage in private consulting practice, but in February of the follow- 
ing year he took the position of assistant superintendent, in charge 
of production, of the Veeder Manufacturing Company. He con- 
tinued with this organization and its successor, Veeder-Root, Inc., 
until his death, serving as works manager after 1932. 

Mr. Stevens was elected a member of the A.S.M.E. in 1927 and 
took an active part in the work of the Hartford Section. He was 
vice-chairman of its executive committee in 1931 and chairman in 
1932, and continued as a member of the committee until 1935. He 
was also a member of the Society of Automotive Engineers, National 
Aeronautic Association, Army Ordnance Association, Phi Sigma Kappa 
fraternity, and the Hartford Club, Wampanoag Country Club, and 
Essex and Weathersfield Cove yacht clubs. He was a navigator and 
instructor of the Hartford Division of the Power Squadron. He had 
become an ardent amateur navigator, owning a cabin cruiser most 
appropriately named The Gadget, since it embodied the results of his 
experimentation in the field of navigation, and was perhaps one of 
the most elaborately equipped small boats extant until lost in the 
1938 hurricane. He was a contestant several years in the New York 
Yacht Club’s Block Island races. 

Mr. Stevens married Amy T. Sundermann, of Jersey City, N.J., in 
1934, and is survived by her and a daughter, Nancy. 


MARION LLEWLLYN STRAWN (1896-1938) 


Marion Llewllyn Strawn, assistant sales manager of The Ingersoll 
Milling Machine Company, Rockford, Ill., died of meningitis on 
December 13, 1938, after only a few hours’ illness. 
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Mr. Strawn was born in Greenville, Clay County, Iowa, on Decem- 
ber 3, 1896, son of Erwin E. and Rachel E. (Greene) Strawn. He 
attended the Buena Vista College Academy, Storm Lake, Iowa, from 
1910 to 1914, spending his summer vacations as apprentice ma- 
chinist with Martin Beck, Industrial Engineers, Storm Lake. His 
work included the construction of three special machines for the Sac 
City & Storm Lake Canning Co. on which he did all of the experi- 
mental work and designed some of the changes found necessary. 

From 1914 to 1917 Mr. Strawn studied engineering at the High- 
land Park College, Des Moines, Iowa. His summer vacations dur- 
ing this period were spent successively with the Crescent Company, 
Des Moines, designing and making dies and jigs; the Grimes Can- 
ning Company, Grimes, Iowa, laying out and supervising the in- 
stallation of machinery; and the Omnigraph Company, Des Moines, 
in experimental work on special printing machinery. 

In December, 1917, Mr. Strawn enlisted in the Ordnance Depart- 
ment, U.S. Army, and was assigned to Rock Island Arsenal, where 
he was instructor in gun-carriage repairs. He also assisted in con- 
verting the dimensions of the French 75-mm gun from metric to 
English standard and in the proving of the American 75-mm field 
gun and other ordnance work. In June, 1918, he was sent to France 
where he served as ordnance inspector for the 36th Division. 

Following his discharge at the end of March, 1919, Mr. Strawn 
returned to the employ of the Omnigraph Company in the capacity 
of designing engineer. He continued with the company until the 
end of 1921, during which time he designed a four-color special press, 
a two-color and a one-color web-fed offset press, a magazine address- 
ing machine, a high-speed newspaper addressing machine, and 
other machinery, and supervised engineering work for the company 
both in the home plant and in outside shops. 

During the first part of 1922 Mr. Strawn was factory manager and 
chief engineer for the Kier Corporation, Chicago, for which he also 
designed special printing machinery. After that he spent six years 
with the Western Electric Company, at the Hawthorne Works, 
Chicago. He rearranged and reorganized the printing department, 
developed methods for manufacturing the cone type of loud speaker, 
and made improvements in telephone apparatus assembly, especially 
switchboards. He introduced welding extensively in the fabrica- 
tion of switchboard ironwork and developed a welded-steel loading 
coil case. 

In June, 1928, Mr. Strawn was appointed Chicago manager for 
the National Automatic Tool Company, of Richmond, Ind., in 
charge of sales, service, and field engineering for the Chicago Dis- 
trict. He left that position in January, 1933, to take one as sales 
engineer, later becoming assistant sales manager of The Ingersoll 
Milling Machine Company. Various patents taken out by Mr. 
Strawn were assigned to his employers. 

Mr. Strawn became a junior member of the A.S.M.E. in 1922 and 
was promoted to the grade of member in 1928. He was a member of 
Riverside Lodge No. 862, A.F.&A.M.; Field Post of the American 
Legion, Chicago; Reckford Country Club; Camera Division of the 
Rockford Art Association; and United Air Lines 100,000 Mile Club. 
His avocation was photography. He contributed to exhibitions all 
over the United States as well as in Europe and was awarded prizes 
for some of his works. One of his pictures, entitled ‘‘Force,’’ hung 
in the exhibit of the Chicago Century of Progress and was subse- 
quently made a part of the permanent exhibit in the Julius Rosen- 
wald Museum, Jackson Park, Chicago. He is survived by his 
widow, Josephine J. Strawn whom he married in 1929, and two daugh- 
ters, Mary Lou and Julia Kay; also by a brother, K. D. Strawn, of 
Cincinnati, Ohio, and two sisters, Mrs. A. P. Cosby, Akron, Ohio, 
and Mrs. C. F. Sharpe, Alexandria, Va. : 


JOHANNES STUMPF (1862-1936) 


Johannes Stumpf, privy government counselor, and_professor- 
emeritus of steam engines and turbines at the Technische Hochschule, 
Berlin, Germany, died on November 18, 1936, after a brief illness. 

Dr. Stumpf was born on April 6, 1862, near Mulheim on the Rhine, 
Germany, and was the son of Heinrich Stumpf, manufacturer, and 
Margarete (Marx) Stumpf. He prepared for his professional school- 
ing in the Real-Gymnasium, Mulheim, and then took the engineering 
course at the Technische Hochschule at Aachen (Aix-la-Chapelle), 
graduating in the fall of 1888 with the degree of Reg. Baufiihrer. 

Following his graduation he worked as an apprentice in the state 
railroad shops at Cologne for a time, after which he went to Berlin as 
assistant to Professor Alois Riedler, under whom he had studied at 
Aachen. Subsequently he worked on drafting and design for the 
Sulzer Bros., at Winterthir, and Erhardt & Schmer, at Saarbriicken. 

In 1893 Dr. Stumpf accompanied Professor Riedler to the World’s 
Fair at Chicago and he remained in the United States as Riedler’s 
representative at Fraser & Chalmers, Chicago, who were introducing 
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the Riedler compressor in this country. He was appointed chief 
mechanical engineer there on May 1, 1893, and for several years 
helped build Riedler compressors for the Solvay Process Company, of 
Syracuse, N.Y. He was recalled to Berlin in 1896, and in close rela- 
tionship to Professor Riedler, worked extensively on steam and gas 
turbines, patenting the Riedler-Stumpf turbine and in 1906 beginning 
work on the Unaflow steam engine.: This engine came into use in 
Europe about two years later. In January, 1913, the Stumpf Una- 
flow Engine Company, of Syracuse, was organized by Dr. Stumpf 
and Edward N. Trump, then vice-president of the Semet-Solvay Com- 
pany and general manager and chief engineer of the Solvay Process 
Company. Dr. Stumpf visited the United States several times in 
subsequent years. He took out some twenty-five patents in this 
country, in addition to numerous ones abroad, and a good many 
licenses were issued to promote the manufacture of Unaflow engines 
by companies here, some of whom are still building these engines as 
the only survivor of the reciprocating engines, which have been largely 
replaced by turbines. 

Dr. Stumpf was the author of two books, “Die gleichstrom- 
dampfmaschine,”’ published in 1911, and one on the unaflow engine 
published in Germany in 1912 and subsequently translated into Eng- 
lish and published by the Unaflow Steam Engine Company. 

For some years after his return to Germany in 1896 Dr. Stumpf 
served as professor of steam engines and turbines at the Technische 
Hochschule, Berlin. He received the honorary title of F.I., the 
Technische Hochschule of Aachen conferred upon him the honorary de- 
gree of Doctor of Engineering, and the government made him a 
‘Geheimrat.”’ 

Dr. Stumpf joined the A.S.M.E. as a member in 1896. He was also 
a member of the Prussian Academy of Sciences. In 1898 he married 
Johanna, daughter of M. D. Ernst Holscher and Maria (Kocks 
Holscher, and was survived by her. 


CARL ALBERT STURKEN (1887-1938) 


Carl Albert Sturken, general superintendent of the Arbuckle 
Brothers sugar refinery, Brooklyn, N.Y., died on October 13, 1938 
He was born in Hoboken, N.J., on October 23, 1SS7, son of Albert 
and Anna (von Brock) Sturken. He prepared for college at the 
Stevens Preparatory School and was graduated with an M.E. degree 
from the Stevens Institute of Technology in 1908. 

In the fall of that year Mr. Sturken went to work at the Arbuckle 
Brothers sugar refinery and he remained with that firm throughout 
his life. Beginning as a draftsman under R. 8. Kent, chief engineer, 
he was promoted at the end of the first year to assistant to Mr. Kent, 
in charge of power plant and sugar refinery testing and of technica! 
reports. In April, 1911, he was advanced to second engineer, in 
charge of maintenance and operation, and the reconstruction of the 
fire-damaged sugar refinery. From June, 1913, to November, 1920, 
he served as assistant chief engineer under Paul H. Grimm, chief 
engineer. His work comprised the supervision of the maintenance 
and mechanical operation of the refinery, including the power plant 
large coffee-roasting plant, machine shops, Jay Street Terminal, with 
its locomotives and tugboats, and the lumber operations of the Stave 
& Timber Corp., Norfolk, Va., and Arbuckle Brothers. In Novem- 
ber, 1920, he was appointed first assistant superintendent of the sugar 
refinery, under J. W. Scott, general superintendent, retaining also 
the position of assistant chief engineer for the Mechanical Depart- 
ment of Arbuckle Brothers. He became chief engineer and superin- 
tendent in November, 1925, following the death of Mr. Grimm, and 
general superintendent of the refinery in May, 1938. An outline of 
some of the details of his work prepared by Mr. Sturken in 1926 shows 
that he was responsible for many improvements in systems and ma- 
chinery for the Arbuckle refinery, particularly in the power plant 
and in connection with materials handling, and was a consultant for 
the firm in matters relating to steam, electric, and sanitary engineer- 
ing for its various properties. Special experimental work and ap- 
praisals were also part of his activities. 

Mr. Sturken became a junior member of the A.S.M.E. in 1913 and 
was promoted to the grade of member in 1926. He married Edna ! 
Allen, of Hoboken, in 1912 and is survived by her and two children, 
Robert Carl and Elizabeth A. Sturken. 


CHARLES WALTER THOMAS (1864-1937) 


Charles Walter Thomas, consulting engineer and part owner of 
the General Dehydration Company, New York, N.Y., died at his 
home in Tenafly, N.J., on September 2, 1937. Mr. Thomas was 
born in New York on November 20, 1864, the son of John Charles 
and Mary Ann Elizabeth (Godfrey) Thomas. He was educated in 
the public schools of Jersey City, N.J., and at the Stevens Institute 
of Technology, where he received an M.E. degree in 1884. 
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His first position after his graduation was with the Joseph Dixon 
Crucible Company, Jersey City, where he served for two years as as- 
sistant superintendent of their pencil works. He then spent one 
year with the Suburban Rapid Transit Company, New York, and 
two years as constructing engineer with the Hyatt Pure Water Com- 
pany, also of New York, working on filtration plants for cities, hotels, 
paper mills, etc. 

In 1889 Mr. Thomas formed the firm of C. W. Thomas & Co., 
mechanical engineers, and until 1896 carried on a consulting prac- 
tice, with offices in New York or New Jersey, or both. Associated 
with him at one time was John H. Pendleton, who had been chief 
engineer of the Rapid Transit Cable Company, New York, which 
Mr. Thomas had also served. Another associate was Alfred H. 
Schlesinger. The practice extended to hydraulic engineering, and 
Mr. Thomas was also interested in printing and paper-making ma- 
chinery. He was secretary of the Rubel Paper & Lithographing Co., 
Nutley, N.J., for a number of years, and did considerable work on 
the design of printing presses and papermaking machinery and de- 
veloped sizing, materials for use in papermaking. 

From 1894 to 1901 and from 1906 to 1933, Mr. Thomas was also 
connected with the teaching profession. He taught evening classes 
in mechanical drawing at the Newark (N.J.) Technical School and 
in Drake’s College, Jersey City, in 1894-1896. From then until 1901 
he was instructor in drawing at the College of the City of New York, 
and he also taught carpentry and woodturning at the Institution for 
the Improved Instruction of Deaf Mutes, New York, in 1896-1897, 
and chemistry at the New York Evening High School, 1898-1901. 
He was professor of mechanical engineering at the College of Agricul- 
ture and Mechanic Arts of North Carolina, Raleigh (now North 
Carolina State College of Agriculture and Engineering of the Uni- 
versity of North Carolina) from 1906 to 1908, and taught in the 
mechanical-engineering department at Columbia University from 
then until his retirement in 1933. While in Raleigh he supervised 
the construction of a power and heating plant for the college. 

During the World War, in 1918-1919, Professor Thomas was given 
a commission as lieutenant, senior grade, in the U.S. Naval Reserve 
Force, and served as chief engineer at the Training Station at Pel- 
ham Bay, N.Y. 

In the early days of his career, Professor Thomas took out patents 
on a noiseless sheave for cable roads and several in the electric-rail- 
way field, and also shared in the invention of a universal mill. In 
addition to his work in the printing industry, he conducted tests of 
fireproof floors, worked on automatic hydraulic presses, and assisted 
in the development of patents on inventions of others. He was joint 
author, with Professor William Fox, of a series of books on mechani- 
cal drawing and wrote articles for the technical press on papermak- 
ing. Following his retirement from Columbia, he became interested 
in the developing and building of machinery for the dehydration of 
food products and was actively engaged in this work up to the time 
of his death. He was also interested in the metal building-construc- 
tion field and secured a patent in 1934 on a metal construction section. 

Professor Thomas became a member of the A.S.M.E. in 1888 and 
was chairman of the Subcommittee on Drying, in the Process Indus- 
tries Division, from 1934, when it was organized, until his death. He 
was also a member of The Electrochemical Society, Inc., and of Chi 
Psi fraternity. He married Juliette Leontime Conord, of West 
Hoboken, N.J., in 1893, and is survived by her. <A daughter, 
Juliette Amelie, died in 1918. 


JAMES TRIBE (1856-1938) 


James Tribe, for many years mechanical engineer with the Allis- 
Chalmers Manufacturing Company, West Allis, Wis., died at his 
home in Shorewood, Wis., on August 13, 1938, of a cerebral hemor- 
rhage. 

Mr. Tribe was born on January 15, 1856, at Oxford, England, son 
of Charles and Eliza (Groves) Tribe. After some elementary school- 
ing, he began, at the age of fourteen, a six-years’ apprenticeship in 
the machine shops and office of the London & Nerth Western Ry. 
Co., England, supplemented by theoretical instruction from govern- 
ment teachers. Having passed examinations in advanced mechanics 
and other subjects, he was selected to receive special courses at the 
Government Science School, Kensington, London, in 1876 and 1877. 
From then until 1881 he worked full time as a machinist, but con- 
tinued his studies in his spare time. 

In 1881 Mr. Tribe emigrated to the United States, and he became 
4 naturalized citizen in December, 1886. His first v ork here was as 
a draftsman in the Rogers Locomotive Works and then the Rhode 
Island Locomotive Works, Providence, R.I., until July, 1882. He 
was next employed by the Corliss Steam Engine Company, of Provi- 
dence, where he served three years as draftsman and five years as 
chief draftsman. 
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Mr. Tribe opened an office in Providence for consulting engineer- 
ing work in 1890. Three years later he established a connection with 
the Hoffman-Billings Company, of Milwaukee, Wis., when they be- 
gan to design and develop Corliss steam engines. In 1895 he be- 
came associated with the Horlick Malted Milk Company, of Racine, 
Wis. As superintendent of that company he invented and constructed 
several machines which were of great value to it. He remained in 
the employ of the company until 1899, when he joined the staff of 
the E. P. Allis Company, which later became the Allis~-Chalmers 
Manufacturing Company. He was responsibly identified with the 
design and engineering work of the Allis-Chalmers organization until 
his retirement from active service in 1936, and he made particularly 
valuable contributions to its development of large blowing engines. 
He was a special authority on Corliss engines. In 1899 he published 
a book on ‘‘Compound Engines,”’ which was followed in 1903 by a 
completely revised text under the title of ‘‘Compound Corliss En- 
gines;’’ this ran into several editions and had wide circulation in the 
United States and abroad. Corliss engines were built by Allis- 
Chalmers for many years and used extensively for mill drives, for 
driving generators, and in large pumping and blowing engines, until 
this type of prime mover was gradually superseded by the steam tur- 
bine. 

Mr. Tribe was elected to membership in the A.S.M.E. in 1889. 
He was a member of Independence Lodge No. 80, F. & A.M., of 
Milwaukee. He was a great lover of the out-of-doors. Astronomy 
was one of his greatest hobbies. Tennis and bowling on the green 
were sports he thoroughly enjoyed. Flower gardening was another 
hobby. 

Mr. Tribe's wife, Mary Jane (Easthope) Tribe, whom he married 
in 1879, died in 1925. They are survived by four children, Charles, 
Florence E., and Ruth, of Milwaukee, and William, of Roscommon 
Mich. 


GUY SACKVILLE TURNER (1876-1937) 


Guy Sackville Turner, president, Turner & Turner, Inc., 07 Mem- 
phis, Tenn., died at his home in that city on March 28, 1937. He 
was born on April 2, 1876, at Water Valley, Miss., the son of Louis 
Edgar and Nanny Emily (Brewer) Turner. Following his gradua- 
tion from high school in 1891 he entered the Illinois Central Railroad 
shops in Water Valley as a machinist apprentice, in January, 1892: 
and after completing his four-year term, he worked as journeyman 
machinist in various railroad and contract shops in Texas and Mexico 
for two years. During these years he continued his studies in 
mathematics and design. 

Early in 1899, after a period of service in the Signal Corps of the 
United States Army during the Spanish-American War, Mr. Turner 
entered the employ of the Memphis Light & Power Co., as a ma- 
chinist. Further studies in mechanical and electrical engineering 
subjects, together with practical experience, led to his advancement 
to electrical foreman, chief electrician, and, in January, 1906, super- 
intendent and engineer in charge of the central station of the Mem- 
phis Consolidated Gas & Electric Co., which in 1903 had been formed 
by a consolidation of the Equitable Gas Light Company and Mem- 
phis Light & Power Co. He remained with the company until 1920, 
remodeling the central station and engaging in considerable design 
work, particularly a complete line of static transformers in sizes from 
1 to 50 kw, a large number of which were manufactured for the use 
of the company. 

He resigned his position in 1920 to form the firm ot Turner & Tur- 
ner, Inc., Memphis, owning and operating coal mines in Kentucky. 
In 1926, when this firm’s business and properties were acquired by 
the newly organized Pan American Petroleum Corporation of Ten- 
nessee, he became vice-president and general manager of the corpora- 
tion, also serving as consulting engineer for the Memphis Coal Min- 
ing Company. The following year, 1927, he gave up his connection 
with the Pan American Petroleum Corporation to resume private 
business, again under the name of Turner & Turner, Inc., and con- 
tinued as its president and owner, specializing in industrial oils and 
coal, until his death. 

Mr. Turner became a member of the A.S.M.E. in 1915 and was 
also a member of the American Institute of Electrical Engineers. He 
was a 32nd degree Mason, and active in golf, hunting, and fishing, 
winning several cups and medals in golf. In 1902 he married Ruth 
Radcliffe Perry, who survives him, together with a daughter, Mrs. 
Dorothy (Turner) Sullivan. 


JAMES WILLIAM TYNAN (1895-1938) 


James William Tynan, production and time-study engineer with 
the Eclipse Aviation Division of the Bendix Aviation Corporation, 
Bendix, N.J., died suddenly on November 25, 1938, while on his way 
home from work. 
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Mr. Tynan was born in New Britain, Conn., on August 24, 1895, 
son of Patrick and Elizabeth Ann (Nicholls) Tynan. After com- 
pleting his studies at St. Mary’s High School, New Britain, he was 
employed, from 1909 to 1917, by the Russell & Erwin Manufacturing 
Co., New Britain, Conn., as stores clerk, at first, and later as assist- 
ant production manager. During World War I he served in the 
58th Pioneer Infantry, of Connecticut, being stationed at Spartan- 
burg, S.C. 

For seven years, 1919-1926, Mr. Tynan worked for Standard 
Steel & Bearings, Inc., Plainville, Conn., as assistant production 
manager, in charge of planning and routing production and time- 
study work. He then spent two years with the Skayef Ball Bearing 
Company, Hartford, Conn., as assistant production manager, devis- 
ing new methods and making time studies. From 1928 to 1930 he 
was employed by the Consolidated Machine Tool Company, Roches- 
ter, N.Y., in the capacity of production manager of the Small Tools 
Division. During the next two years he worked for the Bantam 
Ball Bearing Company, South Bend, Ind., supervising production, 
tool engineering, and the development of new methods and proc- 
esses. From 1932 to 1934 he was in England, where he attended 
the University College, Cambridge, and the British Institute of Tech- 
nology, London. 

In November, 1935, Mr. Tynan was engaged by the Eclipse Avia- 
tion Division of the Bendix Aviation Corporation. His duties in- 
cluded the instruction and supervision of other time-study men em- 
ployed by the company; the development of new manufacturing 
methods; estimating time and costs for new layouts; and specifying 
speeds and feeds for machine operations, on which subject he had 
made a special study, covering all classes of materials. 

Mr. Tynan married Miss Emily Harte, R.N., of London, in 1935 
and is survived by her. They made their home in Wood-Ridge, N.J. 
He had been a member of the A.S.M.E. only since April, 1938. 


JOHN SAMUEL UNGER (1858-1938) 


John Samuel Unger, consulting and contracting engineer in 
Chicago, Il., since 1907, was born in Fredrikstad, Norway, on August 
27, 1858, the son of Carl and Samuline (Baltzersen) Unger. He was 
graduated from the technical school in Trondhjem, Norway, with a 
degree in mechanical engineering and chemistry in 1878. He began 
work as a machinist apprentice in a general repair shop, but feeling 
that the prospects for a successful career in mechanical engineering 
were poor in Norway, he emigrated to the United States early in 1879. 
He secured work as a machinist apprentice with R. Hoe & Co., New 
York; after six months in the hand-press department of that com- 
pany he spent an equal period in the machine shop of Muldoon and 
Keller, New York, then went to Chester, Pa., to take employment as 
a machinist in the shipyard of John Roach & Son. Early in 1881 he 
made another change, taking a position as general draftsman at the 
Pennsylvania Steel Company, Steelton, Pa. After a six-months’ 
visit to his native country in 1883 he was advanced to the position 
of engineer in charge of the buildins department. 

Mr. Unger left this company in 1887 and for a time was draftsman 
at the Franklin Sugar Refinery, Philadelphia. Subsequently he was 
engaged as draftsman and construction engineer by Schoenberger, 
Speer & Co., Pittsburgh, Pa., and then in a similar capacity by the 
Western Gas Construction Company, Fort Wayne, Ind. He next 
worked, in 1890-1891, on the construction of a new furnace for the 
Iroquois Furnace Company, South Chicago; and in 1891-1893, for 
Frederick Bredel, of Milwaukee, Wis., building gas-works apparatus. 
In 1893 he returned to the Western Gas Construction Company in 
the capacity of assistant engineer. He was with the company until 
1896, when he became associated with the Semet-Solvay Company 
of Syracuse, N.Y., as construction engineer building coke ovens. 
He was located in Sharon, Pa., for about a year, and subsequently in 
Syracuse. 

From 1900 to 1905 Mr. Unger served as construction engineer for 
the Milwaukee Gas Light Company, building new gas works, and 
during the next two years he was city engineer for Manitowoc, Wis. 
He then entered business as a contracting engineer and consultant 
in Chicago, specializing in coal-gas by-products and building Unger 
ammonia stills; he continued in this business until his death on 
February 25, 1938. 

Mr. Unger was elected to membership in the A.S.M.E. in 1886. 
He was also a member of the Wisconsin and Illinois gas associations 
and of the American Gas Association. He held two United States 
patents on his inventions of devices for feeding lime to ammonia 
stills. 

Mr. Unger married Johanna Odenwald, of Duisburg, Germany, 
in 1894, and is survived by her. He became a citizen of the United 
States in 1886 in the City of New York. 
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DIRK WILLI 1M Van DONGEN (1887-1937) 


Dirk William Van Dongen, chief engineer of the Blackmer Pump 
Company, Grand Rapids, Mich., died at St. Mary’s Hospital in 
that city on November 24, 1937, of injuries received when an auto- 
mobile which he was driving was struck by a passenger train at a 
local crossing. He had waited for one train to pass, and did not real- 
ize that it was followed by another. 

Mr. Van Dongen was born in The Hague, Netherlands, on March 
8, 1887. He was the son of Jan Gerrit, an officer in the Dutch army, 
and Johanna Gesina (Klinkenberg) Van Dongen. He obtained his 
preparatory and college education in his native city and in 1913 re- 
ceived an M.S. degree in mechanical engineering from the Royal 
Technical University of Delft, Netherlands, where from 1911 to 
1914 he was employed by the government as associate professor of 
steam engineering and power-plant design. In 1913-1914 he was 
also professor in mechanical technology in connection with an ex- 
tension course of the technical school of the City of Rotterdam. 

In August, 1914, Mr. Van Dongen, a lieutenant in the Royal Dutch 
Army, was mobilized as assistant chief designing engineer, Bureau 
of Munitions, in charge of the design of special equipment for the 
manufacture of shells and poison-gas equipment at the Amsterdam 
Arsenal. He also directed the design and erection of power plants 
in the fortifications around Amsterdam. Later he was in command of 
an experimental company of flame throwers. In 1917-1919 he was 
in charge of the development of audion detectors for airplanes in 
conjunction with searchlights. He was retired in 1919 with the rank 
of captain, Corps of Engineers, Reserve. He held the Military Cross 
and Military Service Medal for fifteen years’ service in the Dutch 
Army. 

Following his retirement from army service, Mr. Van Dongen was 
for a time manager of a factory manufacturing bakery machinery, 
and was in charge of sales. He then accepted a five-year contract 
with cane sugar mills Nieuw Tersana and Sindang Laut, Java, Dutch 
East Indies. He was assistant chief engineer in 1920, during his 
first year there, and chief engineer for the remainder of the time 
New mills and a modern power plant were erected under his super- 
vision and many improvements made in equipment and methods, ef- 
fecting savings which repaid the cost of new machinery. He also 
served as consulting engineer for a neighboring sugar factory belong- 
ing to a Chinese firm, Oei Tjong Soei, and to local rice mills, a hydro- 
electric power station, and a municipal slaughter house and ice plant, 
and taught mathematics and physics at the Semarang advanced 
technical school. 

Mr. Van Dongen left Java upon the completion of his contract 
and was next connected with the Honolulu Iron Works, consulting 
engineers, New York, N.Y., charged with appraisals of several! 
sugar-cane mills in Cuba. In 1926 family matters called him back 
to Holland, where he remained into the next year, during which time 
he served as consulting engineer in the Netherlands territory for 
Duquenne and Company, of Paris, in connection with the design and 
erection of high-pressure steam plants. 

Following his return to the United States, he began a three years’ 
term of service with Oliver United Filters, Inc., of New York. It 
was intended that he should go to Java to take care of the company’s 
business there, after a suitable training period. He accordingly 
spent some time at the factory in Hazleton, Pa., where he worked in 
the drafting department and laboratory to learn the construction 
and principles of operation of the machinery. He also worked on 
the development of various types of industrial filters and was sent to 
a sugar mill in Cuba to erect and assist in the operation of a new type 
of mud filter. After his return to the United States, about the middle 
of 1929, he left the employment of Oliver United Filters, as he found 
he did not wish to carry out the plan to go to Java. 

Subsequently Mr. Van Dongen was connected with the Nattional 
Aniline & Chemical Co., a subsidiary of the Allied Chemical & Dye 
Corp., as plant engineer, and from 1930 to 1934 was with the Electric 
Railway Presidents’ Conference Committee in charge of a group of 
research workers in Brooklyn, N.Y., studying streetcar design and 
performance. After the committee’s work had terminated in the 
production of the P.C.C. car, Mr. Van Dongen was with the Depart- 
ment of Public Welfare in the Bronx, N.Y., in charge of the design 
and construction of a sewage-disposal plant, and power and heating 
plants. He also served the General Chemical Company, another 
subsidiary of the Allied Chemical & Dye Corp., in the modernization 
of plants and development of equipment prior to taking the position 
of chief engineer of the Blackmer Pump Company in 1936. 

Mr. Van Dongen became a member of the A.S.M.E. in 1927. He 
was also a member of the Society of American Military Engineers. 
He had been a member of the Royal Dutch Institute of Engineers 
and served on the board of the Mechanical Section of its East Indian 
Division from 1919 to 1922. 

Mr. Van Dongen was the author of textbooks (Dutch) on foundry 


i 
| 
= 
3 
a? 
pas 
es 
| 
| 
‘ 
| 
] 
| 
| 


SOCIETY RECORDS, PART IIT—MEMORIAL BIOGRAPHIES 


practice and machine tools and had also written several articles on 
economic and technical subjects. He took out patents in the Nether- 
lands on an instrument to determine automatically the fire range of 
airplanes, and on a resistant and noncorrosive mixture of concrete 
and silicon-iron chips. 

He had been married twice and was survived by three sons, two 
in Germany with their mother at the time of his death, and another, 
Dirk Van Dongen, with the marine department of the Standard Oil 
Company of New Jersey. 


SAMUEL VICKESS (1853-1937) 


Samuel Vickess, consulting engineer, specializing in sugar fac- 
tories and machinery, died suddenly at his home, Bournemouth, 
England, on July 8, 1937. Although not very active during the 
latter years of his life, he was still retained as corresponding consul- 
tant by several of those for whom he had designed and built factories 
in Cuba and South America. 

Mr. Vickess was born in Liverpool, England, on December 24, 
1853, the son of Samuel and Margaret (Lyon) Vickess. He took 
technical courses at the Mechanics Institute, Liverpool, and at the 
South Kensington Night School, and from 1870 to 1876 served as ap- 
prentice to Fawcett Preston & Co., Liverpool, covering general en- 
gineering and millwright work, the course including a year and a half 
in the pattern shops, a year in the drafting room, and two years and 
a half in the fitting, erecting, and machine shops. 

In June, 1876, Mr. Vickess was sent to the Argentine Republic, 
where he took charge of the erection and putting into operation of 
the San Pedro sugar factory, San Pedro, Jujuy, Argentina. Follow- 
ing this work, from 1878 to 1880, he took charge of a similar contract 
for building Los Borders sugar factory, Campo Santo, Salta, Argen- 
tina, and he served both these factories as chief engineer and super- 
intendent until 1880. 

During the next six years Mr. Vickess was engaged in building La 
Concepcion factory, Tucumian, Argentina, and serving as its chief 
engineer and superintendent, and during the latter part of the time 
was also general manager of the estate, including cane fields and cattle 
ranch. He returned to England in 1886 and for the next two years 
did consulting and contracting work there. At about this time he 
took out several patents for sand washing and filtering apparatus 
and sugar-cane machinery. 

In 1889 Mr. Vickess became chief engineer and representative for 
Fawcett Preston & Co. in Cuba, Egypt, and Mexico, and he continued 
in that capacity until 1898. He also served for a time as chief tech- 
nical assistant in the London office of Babcock & Wilcox Co., and 
was the designer and chief engineer of a factory in Cuba for the Chap- 
arra Sugar Company, New York, where he had established an office 
as consulting engineer and sugar-estate expert. He maintained this 
office until about 1922. Among other factories which he designed 
and built were the Central Fajardo, Puerto Rico, and Central Chi- 
cama, Cartavio, Peru, and he enlarged and modernized many fac- 
tories in the West Indies and South America. 

Mr. Vickess became a member of the A.S.M.E. in 1901. He was 
a musician and linguist of note. Surviving him is his widow, Eliza 
Clara (Morgan) Vickess, of Bournemouth. 


OTTO LOUIS EDGAR WEBER (1867-1938) 


Otto Louis Edgar Weber was born in Detroit, Mich., on March 
14, 1867, son of Henry and Caroline (Domstriek) Weber. He at- 
tended publie schools in Detroit and the Orchard Lake (Mich.) 
Military Academy until he was seventeen, then served an apprentice- 
ship as a patternmaker for about two and one-half years. This was 
followed by a few months’ training in the foundry of the Buhl Iron 
Works, Detroit. He then worked as a machinist for the Frontier 
Iron and Brass Works, Detroit, until June, 1889. In the fall of 
that year he entered the University of Michigan, from which he was 
graduated in June, 1893, with a B.S.M.E. degree. 

Following his graduation Mr. Weber was employed as superin- 
tendent of the Michigan Sulphite Fibre Company, Port Huron, 
Mich., later becoming its manager. He also served as vice-president 
of the Port Huron Paper Company, prior to the merger of these two 
companies into the Port Huron Sulphite & Paper Co., early in 1916. 
During 1914-1915 he was more actively engaged, however, as en- 
gineer in charge of pulp and paper research at the Forest Products 
Laboratory, U.S. Department of Agriculture, Madison, Wis. After 
the completion of his work there he became vice-president and gen- 
eral manager of the Watab Pulp & Paper Co., Sartell, Minn., with 
which he was connected until his retirement in 1935. He had pat- 
ented a loading truck for paper rolls, and contributed articles to the 
technical press. 

Mr. Weber became a junior member of the A.S.M.E. in 1895 and 
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was promoted to the member grade in 1905. He was also a member 
of the Technical Association of the Pulp and Paper Industry. His 
death occurred on May 30, 1938, while he was in Rome, Italy. He 
is survived by his widow, Bertha (Goodier) Weber, whom he married 
in 1905. 


WARREN WEBSTER (1863-1938) 


Warren Webster, founder, president, and general manager of 
Warren Webster & Co., Camden, N.J., and a well-known pioneer in 
the principles of vacuum steam heating, died at the Georgetown 
University Hospital, Washington, D.C., on December 21, 1938. 

Mr. Webster was born at Tioga, Philadelphia, Pa., on June 25, 
1863, son of Jones and Sarah (Holmes) Webster. He was graduated 
from the Philadelphia High School and Pierce’s Business College and 
took private tuition in engineering in order to enter the U.S. Naval 
Academy, but remained there only a short time as he could not pass 
the eye examination for color blindness. 

Mr. Webster founded his business in 1888. He had taken out 
many patents dealing with the utilization of exhaust steam for feed- 
water and heating purposes. He became an associate of the A.S.M.E. 
in 1903. He was a member of the Masonic fraternity and his clubs 
included the Manufacturers and Penn Athletic, of Philadelphia, the 
Island Heights*(N.J.) Yacht, and the St. Petersburg (Fla.) Yacht. 
He had recently retired as a trustee of the Cooper Hospital, Camden. 

In 1892 Mr. Webster married Frances Siegrist, of Philadelphia, 
who survives him, together with their children, Warren Webster, Jr., 
who is president, treasurer, and general manager of the company 
succeeding his father; Pauline (Mrs. William Maynard) Brown, of 
Haddonfield, N.J.; and Marguerite (Mrs. J. Spencer) Lucas, of 
Philadelphia. A brother, Spencer Webster, of Oceangate, N.J., also 
survives him. 


ELLERY LEWIS WILSON (1882-1938) 


Ellery Lewis Wilson, for many years associated with the Rumford 
Chemical Works, Rumford, R.I., and well known in the chemical- 
engineering field, died at Pomfret, Conn., on June 26, 1938. He was 
born in East Providence, R.I., on January 1, 1882, son of Ellery Hol- 
brook and Mary Augusta (Lewis) Wilson. He attended the Provi- 
dence public schools and entered Brown University with the Class for 
1905, but left prior to graduation in order to go to work. 

For a time in 1904 he was employed by Warren B. Lewis, of Provi- 
dence (later a member of the A.S.M.E.) in the sale of electrical 
equipment, and subsequently was electrician and installation man 
for the Manufacturers’ Building Company, Providence. He entered 
the employ of the Rumford Chemical Works in 1906 as a timekeeper. 
He advanced rapidly and by 1912 was superintendent of the Acid 
Division of the company. Seven years later he was appointed gen- 
eral superintendent of all plants of the company. As part of his 
work during the following ten years he designed a new plant in St. 
Louis, Mo., and a new packing plant at Rumford. In 1929 he took 
on the additional offices of vice-president and assistant treasurer. 

Mr. Wilson patented a process of densification and strengthening 
synthetic and natural gypsum plaster by application of pressure be- 
fore calcination. He also collaborated with others on the develop- 
ment of catchalls used with vacuum evaporators in connection with 
the evaporation of corrosive materials; a process for wet-grinding 
of mineral phosphates in the presence of phosphoric acid in rubber- 
lined ball mills; and various processes for the purification of phos- 
phoric acid and salts of this acid. 

Mr. Wilson became a member of the A.S.M.E. in 1931. He was a 
director on the council of the American Institute of Chemical En- 
gineers for several years, was active in its committee work, and 
served as a representative of the institute on the National Research 
Council. He was a past-president of the Providence Engineering 
Society, past-chairman of the Rhode Island Section of the American 
Chemical Society, and a member of the American Association for 
the Advancement of Science, American Electrochemical Society, 
and United States Naval Institute. He belonged to the Psi Upsilon 
fraternity and his clubs included the Chemists, New York, the Provi- 
dence Art, and several country clubs in the vicinity of Providence. 

Mr. Wilson’s wife, Fanny E. (Hunt) Wilson, whom he married in 
1911, died in 1933. Six sons and two daughters survive their father. 


OTTO CHRISTIAN WINGE (1875-1938) 


Otto Christian Winge was born at Drammen, Norway, on May 
25, 1875, son of Bernard and Mina (Hansen) Winge. He attended 
high school and Cooper Institute in New York, N.Y., receiving the 
annual class award of a gold medal for mechanical drawing at the 
institute. His first position was with Clark Deemer & Co., New 
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York, where he was employed from 1895 to 1897 as patent office 
draftsman. He continued in this line of work with Thomas Drew 
Stetson, New York, 1897-1899, and was again associated with him 
in 1903-1904 and 1910. He also spent two periods, 1902 and 1910— 
1911, with William J. Hammer, illustrating scientific lectures. 

Mr. Winge was connected with a number of individuals and com- 
panies in the design of automatic machinery. He assisted the Clarke 
Automatic Scales Company, New York, on weighing machines for 
coal and grain. In the field of printing machinery he was employed 
by the Mergenthaler Linotype Company and the F. Wesel Manu- 
facturing Company, and later worked on the construction of printing 
machinery for the Mecca Machinery Company Brooklyn, in which 
he had an interest. He designed dies for the National Die & Stamp- 
ing Co., and worked on the design of envelope and stamping machines 
for the United States government. He constructed hydraulic cotton 
presses for the Fuller Cotton Machine Company, New York; made 
cement machinery, layouts for cement plants, and for a time was in 
charge of the New York office of the West Pulverizing Machine Com- 
pany; and did design work for the Munsing Motor Car Company, 
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Hoboken, N.J., and General Vehicle Company, Long Island City, 
N.Y. He was mechanical draftsman for the Electric Storage Battery 
Company, Philadelphia, Pa., for a short time; spent several years 
with the New Era Manufacturing Company, Brooklyn, on special 
design and development work, the latter part of the time in charge 
of making check-protection and adding machines; and from Janu- 
ary, 1917, to September, 1919,.was chief engineer for the United 
Paper Box Company of America, Inc., Brooklyn. For several 
years after that he was in charge of the sugar plant in New York 
of the United States & Cuban Allied Works Engineering Corp. 
Subsequently he became estimator for the N.Y. & Queens Electric 
Light & Power Co., Flushing, L.I., N.Y., now affiliated with the Con- 
solidated Edison Co. of N.Y., Inc., with which he continued until his 
death on April 20, 1938. 

Mr. Winge became an associate-member of the A.S.M.E. in 1916 
and a member five years later. He was a Mason and a Shriner, and 
belonged to the Norwegian Society. His wife, Fanny (Byron) 
Winge, died in 1935. He is survived by two sisters, Mrs. Hulda 
Heget and Mrs. Agnes W. Soborg. 
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Melbourne....... Publie Library of Victoria 
POH osiic cence University of Western Australia Library Hanover......... Bibliothek der Technischen Hochschule 
Sydney.......... Public Library of Sydney Hochschule 
ibliothe 
Belgium Munioh......6..++. Bibliothek der Technischen Hochschule 
University of Louvain Bibliothek des Deutschen Museums 
Stuttgart........ Bibliothek der Technischen Hochschule 
. . . . Holland 
Rio de Janeiro. . . Bibliotheca da Esccla Polytechnica Amaterdam...... Koninklijke Akademie von Wetenschappen 
Bibliotheca Nacional Bibliotheek der Technische Hoogeschool 
Sao Paulo........ Bibliotheca da Escola Polytechnica The Hague shpat Koninklijk Instituut van Ingenieurs 
Canada Rotterdam....... Nationaal Technisch Scheepvaartkundig In- 
titut 
Montreal........ McGill University 
Engineering Institute of Canada India 
Yo eee University of Toronto, Library Bangalore........ Mysore Engineers Association 
Bengal Engineering College 
Chile io Poona College of Engineering 
Santiago......... Universidad de Chile, Facultad de Ciencias Rangoon......... University of Rangoon 
Fisicas y Matematicas (Engg. School) 
Ireland 
China Queen's University of Belfast 
oo ee College of Technology of Peiping University Italy 
Cuba Biblioteca de la R. Scuola d’Ingegneria 
Havana...... ....Cuban Society of Engineers — Autonomo per |’Esame della 
nvenzioni 
Denmark Biblioteca della R. Scuola d’Ingegneria 
Copenhagen...... The Royal Technical College Biblioteca della R. Scuola d’Ingegneria 
Consiglio Nazionale delle Ricerche presso il 
England Ministero della Educazione Nazionale 
Birmingham..... Public Libessies Biblioteca della R. Scuola d’Ingegneria 
University of Bristol Japan 
Cambridge....... University of Cambridge Kobe Kobe Technical College 
University of Leeds Tokyo Imperial University Library 
Liverpool........ Public Library of Liverpooh ns The Society of Mechanical Engineers 
Liverpool Engineering Society ot 
City and Guild Engineering College Yokohama... Libeary of Yokohama 
Institution of Automobile Engineers Mexico 
bere =n Coal Utilisation Research As- Mexico City..... — de Ingenieros y Arquitectos de 
exico 
The Institution of Mechanical Engineers Lib of the Eecuda de Ingui 
Institution of Civil Engineers Electrici 
Institution of Electrical Engineers eee - 
The Junior Institution of Engineers Norway 
The Royal Aeronautical Society 
Manchester... ... Manchester Public Libraries (Reference Oslo............. Den Polytekniske Forening 
Library) Portugal 
Oxford Uni i 
Lisbon........... Institute Superior Technico 
We isscavins The North-East Coast Institution of Engi- Rumania 
neers and Shipbuilders 
Sheffield......... Sheffield Public Libraries Bucharest........ Scoala Polytechnica din Bucharest 
France na 
Glasgow......... Royal Technical College 
University of Lyons Mitehell Library 
cole Nationale des Arts et Metiers 
Ecole Nationale Supérieure de L’Aeronau- South Africa 
tique Cape Town..... . University of Cape Town 
_~ Centrale des Arts et Manufactures de Johannesburg. ...South African Institute of Engineers 
aris 
Société des Ingénieurs Civils de France Sweden 
Germany Stockholm.......Kungl. Tekniska Hogskolan 
Svenska Teknologféreninger 
Gy Verein deutscher Ingenieure Gothenburg...... Chalmers Tekniska Institut 
Bibliothek der Technischen Hochschule . 
Breslau.......... Bibliothek der Technischen Hochschule Switzerland 
Cologne (Kéln)... Universitits- und Stadtbibliothek Zurich...........Bibliothek der Eidg. Technischen Hoch- 
Bibliothek der Technischen Hochschule 
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Turkey Moscow.........Supreme Council of National Economy 
Istanbul.........Robert College Tomsk..........Tomsk Polytechnic Institute 
U.S.S.R. Wales 
Kharkov.........8 E ic Council of Ukrai 


Leningrad........Leningrad Polytechnic Institute 
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Indexes to A.S.M.E. Papers and 


Publications 


HIS and the following pages will serve as a guide to the cur- 
rent publications of the A.S.M.I. during the calendar year 
1941, and also to publications developed by technical committees. 


Regular Society Publications, 1941 


Mechanical Engineering, monthly (see index on page RI-93) 
A.S.M.E. Transactions, monthly (see index on page RI-105) 
Mechanical Catalog and Directory, 1942 edition 


Special Publications Issued in 1941 


Biography of Fred J. Miller 

1940 Oil Engine Power Cost Report 

1941 Proceedings of the Oil and Gas Power Division 
Sixty-Year Index 


American Standards 

Abbreviations for Scientific and Engineering Terms 

Cast Iron Screwed Fittings 

Graphical Symbols for Use on Drawings in Mechanical Engi- 
neering 

Jig Bushings 

Preferred Thickness for Uneoated Thin Flat Metals 

Safety Code for Jacks 

Soldered-Joint Fittings 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters 

Wrench-Head Bolts and Nuts and Wrench Openings 


Boiler Construction Code 
Welding Qualifications (Section 9) 
1941 Addenda to: 
Locomotive Boiler Code 
Miniature Boiler Code 
Power Boiler Code 
Unfired Pressure Vessel Code 
Specifications for Materials 


Power Test Codes 


Dust Separating Apparatus 
Evaporating Apparatus 
Steam Locomotives 

Steam Turbines 


Aucziliary Sections 


Part 2, Pressure Measurement, Chapters 1 and 6 
Part 8, Measurement of Indicated Horsepower 


How to Find Papers Presented at 
1941 A.S.M.E. Meetings 


HE technical programs of the meetings of the Society and of 

its Professional Divisions have been published in Mechanical 
Engineering and may be located by consulting the index on pages 
RI-93-103. A majority of these papers were published, or will be 
published, in Mechanical Engineering or the Transactions (includ- 
ing the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. Several additional 


papers and reports included in these 1941 programs were not 
published during the year in Transactions or Mechanical Engi- 
neering, but were issued in mimeographed or photo-offset form. 

Complete sets of these are on file for reference purposes 
at the office of the Society and the Engineering Societies Library, 
under the title of ‘‘Miscellaneous Papers Presented at A.S.M.B. 
Meetings, 1941.”" Photostat copies of any of the papers may be 
secured from the Library at twenty-five cents a page to members, 
or thirty cents a page to nonmembers. 


Publications Developed by the 
Technical Committees 


HE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented 
here for record and for ready reference. This list covers the 
entire group of publications of these committees completed to 
date which are now available. 

To assist the members in securing copies of these publications 
the sale price is also given. A discount of 10 per cent is allowed 
to A.S.M.E. members on standards and a 20 per cent discount 
on all other publications except where otherwise noted. 


A.S.M.E. AMERICAN STANDARDS 


Bott, Nut, AND River PRoporTIONS 


Large Rivets (B18.4—1937), $0.65 

Plow Bolts (B18f—1928), $0.35 

Round Unslotted-Head Bolts (B18.5—1939), $0.50 

Slotted-Head Proportions: Machine Screws, Cap Screws, and Wood 
Screws (B18ce—1930), $0.45 

Small Rivets (B18a—1927), $0.30 

Socket Set Screws and Socket-Head Cap Screws (B18.3—1936), $0.40 

Tinners’, Coopers’, and Belt Rivets (BI8g—1929), $0.35 

Track Bolts and Nuts (B18d—1930), $0.40 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1941), 
$0.65 


PIPING AND Pipe FITTINGS 


Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.35 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.40 

Cast-Iron Pipe Flanges and Flanged Fittings for 125 Lb Maximum 

_ Saturated Steam Pressure (B16a—1939), $0.60 

Cast-Iron Pipe Flanges and Flanged Fittings for 250 Lb Maximum 
Saturated Steam Pressure (B16b—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Mexievum 
Hydraulic Pressure (Bi6b1—1931), $0.35 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.65 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929). and Addendum (B16g1— 
1937), $0.50 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1941), $0.40 

Code for Pressure Piping (B31.1—1935), $1.00 

Face-to-Face Dimensions of Ferrous Flanged and Welding End 
Valves (B16.10—1939), $0.55 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.50. 

Pipe Plugs (Bl6e2—1936), $0.35 

Scheme for the Identification of Piping Systems (A13—1928), $0. 50 
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Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.25 

Soldered-Joint Fittings (A40.3—1941), $0.45 

Steel Butt-Welding Fittings (B16.9—1940), $0.40 

Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.50 


LETTER AND GRAPHICAL SYMBOLS AND CHARTS 


Abbreviations for Scientific and Engineering Terms (Z10.1—1941), 
$0.35 

Aeronautical Symbols (Z10e—1929), $0.35 

Drawings and Drafting-Room Practice (Z14.1—1935), $0.50 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.50 

Graphical Symbols for Electric Power and Wiring (Z10g2—1933), 
$0.20 

Graphical Symbols for Electrical Traction Including Railway Signal- 
ing (Z10g5—1933), $0.40 

Graphical Symbols for use on Drawings in Mechanical Engineering 
(Z32.2—1941), $0.50 

Graphical Symbols for Radio (Z10g3—1933), $0.20 

Graphical Symbols for Telephone and Telegraph Use (Z10g6—1929), 
$0.20 

Letter Symbols for Electrical Quantities (Z10g1—1929), $0.20 

Symbols for Electrical Equipment of Buildings (C10—1924), $0.20 

Symbols for Heat and Thermodynamics (Z10c—1931), $0.30 

Symbols for Photometry and Illumination (Z10d—1930), $0.20 

Time Series Charts (Z15.2—1938), $1.25 


MISCELLANY 


Fire-Hose Coupling Screw Thread (B26—1925), $0.25 

Production and Inspection of Fire~-Hose Coupling Screw Thread 
(1925), $0.25 

Gear Materials and Blanks (B6.2—1933), $0.50 

Hose Coupling Screw Threads (B33.1—1935), $0.25 

Indicating Pressure and Vacuum Gages (B40—1939), $0.40 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.25 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931), $0.35 

Shaft Couplings (B49—1932), $0.35 

Spur Gear Tooth Form (B6.1—1932), $0.45 


Toots AND Macuine Toot ELEMENTS 


Machine Tapers (B5.10—1937), $0.50 

Milling Cutters (B5c—1930), $0.75 

Taps—Cut and Ground Threads (B5.4—1939), $1.25 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.40 

Adjustable Adapters (B5.11—1937), $0.50 

Chucks and Chuck Jaws (B5.8—1936), $0.45 

Circular and Dovetail Forming Tool Blanks (B5.7—1936), $0.40 

Involute Splines, Side Bearings (B5.15—1939), $0.65 

Jig Bushings (B5.6—1935), $0.35 

Lathe Spindle Noses (B5.9—1936), $0.50 

Reamers (B5.14—1941), $0.75 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

Tool Holder Shanks—Tool Post Openings (B5b—1929), $0.25 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.35 

Twist Drills (B5.12—1940), $0.55 

Ball and Roller Bearings (B3.1, 2, 3—1930-1933), $0.40 

Code for Design of Transmission Shafting (B17c—1927), $0.75 

Shafting and Stock Keys (B17.1—-1934), $0.45 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—-1935), $0.60 

Screw Thread Gages and Gaging (B1.2—-1941), $0.66 

Acme and Other Translating Threads (B1.3—1941), $0.45 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 


BOILER CONSTRUCTION CODE 


1941 Addenda to: 
Locomotive Boiler Code, $0.15 
Miniature Boiler Code, $0.15 
Power Boiler Code, $0.55 
Unfired Pressure Vessel Code, $0.55 
Specifications for Materials, $0.85 
Welding Qualifications, $0.65 
Boiler Code Interpretation Service, $5.00 annually 


TRANSACTIONS OF THE A.S.M.E. 


JOINT CODE 


API-ASME Code for Unfired Pressure Vessels for Petroleum Liquids 
and Gases (1938 with 1940 Addenda), $1.25 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test CopEs FoR 


Atmospheric Water-Cooling Equipment (1930), $0.45 
Compressors and Exhausters (1935), $0.95 

— Compressors, Vacuum Pumps, and Blowers (1939), 
Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.50 

Feedwater Heaters (1927), $0.35 

Gas Producers (1928), $0.55 

Hydraulic Prime Movers (1938), $0.60 

Internal-Combustion Engines (1930), $0.55 

Liquid Fuels (1930), $0.35 

Reciprocating Steam Engines (1935), $0.65 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 
Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 

Stationary Steam-Generating Units (1936), $0.60 

Steam Condensing Apraratus (1938), $0.65 

Steam Locomotives (1941), $0.55 

Steam Turbines (1941), $2.50 


AUXILIARY SECTIONS 


Part 1—General Consideration (1935), $0.35 

Part 2—Pressure Measurement; Chapter 1, Barometers; Chapter 6, 
Tables, Multipliers, and Standards (1941), $0.60 

Part 2—Pressure Measurement; Chapter 2, Static and Total Pres- 
sure, Static Holes and Tubes, Impact Tubes, and Chapter 3, 
Pipes for Pressure Measurement (1936), $0.65 

Part 2—Pressure Measurement; Chapter 4, Bourdon, Bellows, 
Diaphragm, and Deadweight Gages (1938), $0.65 

Part 3—Temperature Measurement; Chapter 1, General; Chapter 
5, Pyrometric Cones; Chapter 6, Liquid-in-Glass Thermometers; 
and Chapter 7, Bourdon Tube Thermometers (1931), $0.75 

Part 3—Temperature Measurement; Chapter 2, Radiation Py- 
rometers (1936), $0.55 

Part 3—Temperature Measurement; Chapter 3, Thermocouple 
Thermometers or Pyrometers (1940), $0.65 

Part 3—Temperature Measurement; Chapter 8, Optical Pyrome- 
ters (1940), $0.35 

Part 4—Head Measuring Apparatus (1933), $0.35 

Part 5, Chapter 4—Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 

Part 6—Electrical Measurements (1934), $1.25 

Part 8—Measurement of Indicated Horsepower (1941), $0.75 

Part 9—Heat of Combustion (1932), $0.40 

Part 10—Flue and Exhaust Gas Analyses (1936), $1.35 

Part 11—Determination of Quality of Steam (1931), $0.45 

Part 13—-Speed Measurements (1939), $0.45 

Part 14—Linear Measurements (1936), $0.55 

Part 15—Measurement of Surface Areas (1937), $0.75 

Part 16—Density Determinations (1931), $0.30 

Part 17—Determination of the Viscosity of Liquids (1931), $0.45 

Part 18—Humidity Determinations (1932), $0.50 

Part 20—Smoke-Density Determinations (1936), $0.65 


RESEARCH 


Dynamic Loads on Gear Teeth (1932), $1.50 

Fluid Meters: 
Part 1—Theory and Application (1937), $3.00 
Part 2—Description of Meters (1931), $1.75 
Part 3—Selection and Installation (1933), $1.50 

Report of the AGA-ASME Committee on Orifice Coefficients (1935), 
$2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Bibliography on Cutting of Metals (1866-1930), $1.25 

Bibliography on Deterioration of Condensing Equipment (1845- 
1930), $1.25 

Bibliography on Effect of Temperature Upon Properties of Metals 
(1928-1931), $1.25 
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SOCIETY RECORDS 


Bibliography on Management Literature and Supplement (1903- 
1935), $2.75 

Bibliography on Mechanical Springs (1678-1927), $1.25 

Bibliography on Woods of the World (1928), $1.25 

Bibliography on Marketing Research (1935), $1.00 

Bibliography on Machining of Wood (1939), $1.25 


SAFETY CODES 
Safety Code for Elevators (A17.1—1937) (10 per cent discount), $1.00 
Elevator Inspectors’ Manual (A17.2—1937) (10 per cent discount), 
$0.75 
Safety Code for Jacks (B30—1941), $0.30 
Safety Code for Mechanical Power-Transmission Apparatus (10 per 
cent discount) (B15—1927), $0.35 
Compressed-Air Machinery and Equipment (B19—1938), $0.30 


BIOGRAPHIES 
IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Committee are as follows: 


Autobiography of John A. Brashear (1924), $5.00 
Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 
Autobiography of John Fritz (1940), $3.25 
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Biography of James Hartness, by Joseph W. Roe (1937), $4.00 

Biography of Fred J. Miller (1941), $1.00 

Biography of John Stevens, by Archibald Douglas Turnbull (1928), 
$5.00 

Biography of John Edson Sweet, by A. W. Smith (1925), $4.50 

Biography of Robert Henry Thurston, by William F. Durand (1929), 
$5.00 

Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 


BOOKS ON SPECIAL SUBJECTS 


Aeronautical Dictionary (1929), $1.65 

Corrosion-Resistant Metals (1936), $1.25 

Engineering’s Part in the Development of Civilization (1939), 
$1.50 

Flow of Water in Pipes and Pipe Fittings (1941), $8.00 

General Discussion on Lubrication (1938) (no discount), $6.50 

Hydraulic Laboratory Practice (1929), $10.00 

Hydraulic Structures (1937), $18.00 

Manual on Cutting of Metals (1939), $5.00 

1942 A.S.M.E. Mechanical Catalog and Directory, $3.00 (sent gratis 
to members, upon request) 

1940 Oil Engine Power Cost Report (1940), $1.00 

Sixty Year Index to A.S.M.E. Technical Papers (1941), $3.75 

Theoretical Steam Rate Tables (1937), $1.25 
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